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ABSTRACT
The purpose o f the investigation  is to study the signals in ­
volved in the resp ira tory  system and to obtain a model fo r  the dy­
namics including the a c t iv i ty  o f  the phrenic nerve as the input and 
the transpulmonary pressure, a i r  flow and the volume as the response.
Experiments were done on anasthetized dogs under natural breath­
ing, with steady sta te  response to various levels o f CC  ̂ in the in ­
spired a i r ,  and under electrophrenic stim ulation. B ipolar electrodes  
were used at the phrenic nerve, in the cervical region, e i th e r  fo r  
recording the phrenic neurogram or fo r  supramaximal u n i la te ra l  (or  
b i la te r a l )  stim ulation using pulse frequency modulated sine waves or 
square waves. Both pulse rate  and modulating frequency were kept 
within the physiological range o f  breathing. The recorded e lec tro ­
myogram o f  the diaphragm, picked up by surgical insert ion  o f  b ipolar  
electrodes, was am plif ied , r e c t i f ie d  and f i l t e r e d  by a modified th ird  
order Paynter f i l t e r .  The ensemble average of the variables over 
several breaths o f the experimental animal was performed. Spectral 
analysis of the f i l t e r e d  EMG, under both natural breathing and stim­
u la t io n , was also carried  out.
In the present work, force and tension o f the diaphragm were 
not measured. However, on the basis of physiological evidence, a 
simple f i r s t  order model, with a time constant of 0.1 second is pro­
posed to represent the relevant EMG-tension dynamics. The diaphragm, 
approximated as a segment o f a hemispherical dome then y ie lds  a ten-
sion-pressure re lationship  depending on the radius o f  curvature o f  the 
diaphragm. The resting radius o f curvature is represented as a non­
l in e a r  function of the resting  lung volume and i ts  v a r ia t io n ,  in 
tu rn ,  depends on the t id a l  volume and the resting radius o f curvature. 
F in a l ly ,  a simple f i r s t  order transfer  function is used to represent 
the pressure-volume dynamics with estimated resp ira tory  resistance 
and compliance. An analog computer simulation has been performed 
using the f i l t e r e d  EMG as the input.
The work reveals a correspondence between phrenic neurogram and 
electromyogram of the diaphragm supported by both spectral analysis 
and time-domain measurements. On th is  basis, the electromyogram is 
considered to represent the neural command. A special technique fa ­
c i l i t a t e s  the e lim ination o f  the contribution o f  the cardiac spikes to 
the spectrum o f the EMG. The e lim ination o f  the cardiac spike was also  
f a c i l i t a t e d  by ensemble averaging. The overall model represents the 
neuromuscular section o f  the co n tro l le r  in the resp ira tory  feedback 
system and i t s  response depends on the recorded EMG under various ex­
ternal conditions. Both the input (EMG) and some o f  the response var­
iables (transpulmonary pressure, volume and flow) can be measured by 
non-invasive techniques.
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The nature and purpose of respiration  -  i . e . ,  the external 
resp ira tion  -  has been investigated fo r  a long time. The main 
function o f  external resp ira t ion  is to provide oxygen to the ce lls  
o f  the body and to remove excess carbon dioxide from them. D i f f e r ­
ent species may have d i f fe re n t  ways in which th is  purpose may be 
achieved. In large animals, including man, external respiration  
is also characterized by resp iratory  regulation whereby a desired 
level o f  oxygen, carbon dioxide and hydrogen ion concentration is 
maintained in the a r te r ia l  blood. An unbalance of these blood 
gases w i l l  produce resp ira tory  system in s t a b i l i t y .  Several exper­
iments by physio logists, as summarized by Haldane and P r ie s t ly  
[ 1] ,  throw l ig h t  on these chemical factors as the principal par­
t ic ip a n ts  in the 're g u la tio n ' or 'con tro l'  o f  resp ira tion . Hal­
dane and Smith had revealed, in 1893, the ro le  o f  oxygen in the 
control o f  resp ira tion  by a simple experiment in which re-breath ­
ing o f  oxygen depleted a i r ,  from which C02 is removed, results in  
an increased resp ira tory  e f fo r t  [ 1 ] .  Besides establishing the 
sign ificance o f an optimal range of blood oxygen levels  in the 
regulation of breathing, the resu lt  of th is  experiment also con­
tained the implication o f  a feedback mechanism, including the 
existence and location o f  oxygen-sensitive receptors.
These ear ly  experiments led to the development o f the f i r s t  
q u a n tita t iv e  theory, known as Gray's M u lt ip le  Factor Theory in 
1945 [ 2 ] ,  which represents the f i r s t  mathematical model of the
2
' resp iratory-chem ostat'. I ts  aim was to re la te  the steady sta te  
v en ti la t io n  to C02 inha la t ion , the lack of 02 in the a r te r ia l  blood 
and to the metabolic disturbance in the acid-base balance. Even 
though Gray did not use feedback control theory, i t  is im p l ic i t  in 
his M ultip le  Factor Theory. An obvious consequence of Gray's theory 
has been an increased in te re s t  in the study of resp ira tion  as a 
feedback system during the la s t  tw en ty-f ive  years. While consider­
ing the steady s ta te  and transient response to C02 in h a la t io n ,
Grodins e t  a l . [ 3 ]  represented Gray's results in terms o f a feedback 
model, adding the e f fe c t  o f C02 inha la t ion . This model, shown in 
Figure 1-1 , re la tes  the a lveo lar minute v e n t i la t io n ,  Vamt ( in  l i t e r s /  
minute), the p a r t ia l  pressures o f oxygen and carbon d ioxide, P02 and 
PC02 respective ly  ( in  run. H g .) ,  and the hydrogen ion concentration, 
[H+] ( in  m M / l i t e r )  to a disturbance created by a change of C02 con­
centration in the inspired a i r .  As shown in Figure 1 -1 , the model 
is broken down to a "contro lling  system" and a "controlled system", 
in which Vamt is  considered the co n tro llin g  variable and P02 , PC02 
and [H ] are considered the controlled variab les. In the f i r s t  
model o f Grodins e t  a l . only PC02 in the venous blood (ra th e r  than 
a r te r ia l  blood) was considered, whereas P02 and [H+] were ignored.
In some of the l a t e r  models to be discussed b r ie f ly  in the next 
chapter, a l l  these variables are incorporated. These chemostat 
models, do not, however, include the in terna l dynamics o f the con­




















Figure 1-1 Respiratory Chemostat on the basis of Gray's M ultip le  Factor 







E lec tro ­
mechanical 
C o n tro l le r
Va or Vamt
C ontro lling  System
Figure 1-2 Two subsystems w ith in  the Controlling System.
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There are two major physiological processes involved in the 
c o n tro l le r  dynamics; namely, ( 1) the transduction of chemical to  
e le c t r ic a l  s ignals; and ( 2 ) the conversion o f e le c t r ic a l  signals  
in to  mechanical work. A f te r  the c o n tro l le r  has received the feed­
back input, in terms of PCÔ  in the venous blood, the chemorecep- 
to r  transforms the chemical signal in to  e le c t r ic a l  signals directed  
to the respiratory center, which is considered to be located in the 
medulla in the brainstem. The chemoreceptor thus forms a part  of  
the co n tro l le r  and has a s ig n if ic a n t  physiological role to play.
The other important process in the c o n tro l le r  is  the processing 
and transmission o f  neural signal to the respiratory  muscles. In 
addition to being a center where the a f fe re n t  nerves terminate and 
from where the e f fe re n t  nerves o r ig in a te ,  the respiratory center  
is also capable o f  s e l f -o s c i l la t io n s ;  th is  has been referred to 
as the basic rhythm icity [ 4 ] ,  [ 5 ] .  The chemoreceptors, th e i r  a f ­
fe re n t  nerves to the respiratory  center and the respiratory cen­
te r  i t s e l f  along with i t s  other feedback a f fe re n t  nerves can be 
lumped together as the neural co n tro l le r  and can be investigated  
as a subsystem.
The second physiological process involves the neural command 
signal to two major muscles; namely, the in tercosta l muscles in 
the r ib  cage and the diaphragm which separates the thoracic cage 
from the abdominal cav ity . The response of these muscles to the 
insp ira to ry  neural command is contraction o f these muscles, re ­
su lt ing  in an increase of the thoracic volume. As a consequence,
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the lungs expand, producing an in h a la t io n . These factors can be 
lumped together as the electromechanical co n tro l le r  subsystem.
The two major physiological processes, discussed above, are repre­
sented in the block diagram o f Figure 1-2 and are v a l id  in a l l  
models o f  resp ira tory  control presented here.
I t  is possible to extend the subdivision of the co n tro l le r  
to more than the two levels shown in  Figure 1-2. One may, fo r  
example, consider a fu rth e r  subdivision of the electromechanical 
co n tro l le r  in to  two levels -  one which transforms the command 
signal in to  the mechanical variables o f  the resp ira tory  muscles 
and another which determines the e f fe c t  of these mechanical var­
iables on the mechanical events in resp ira tion .
Before any modeling is attempted one may consider some of  
the works o f  the physiologists whose investigations f a l l  in the 
'c o n tro l le r  subsystem' o f the chemostat. For example, in v e s t i ­
gations have been made o f the rhythmicity of the resp ira tory  
center i t s e l f  [ 4 ] , [ 5 ] ,  on the nature o f  phrenic neural command 
[ 6] - [ l l ] ,  on the discharge pattern  of the brainstem respiratory  
neurons under chemical or neural feedback [1 2 ] - [ 1 6 ] ,  and the 
mechanical events in resp ira tion  including the electromechanical 
dynamics o f a skeleta l muscle [ 1 7 ] - [ 3 3 ] .
I f  any quantita tive  approach is to be adopted to  extend the 
model o f  the respiratory c o n tro l le r ,  i t  is important to consider 
three leve ls  o f signal representation. At the f i r s t  level o f
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signal representation is the consideration of the a c t iv i t y  of  
the ind iv idual neuron as a t ra in  of action p o ten t ia ls ,  character­
ized by a pulse frequency modulated wave. The second level is  the 
consideration o f  the envelope o f the pulse tra ins as superposed 
in a bundle of nerve fibers  or a t the muscle f ibers  as seen in an 
electron\yogram. I t  is th is  envelope which contains the re levant  
information on the temporal varia tions in respiratory mechanics 
as produced in a single breath. Subsequent breaths are re p e t it io n  
of the same process and present a periodic s ignal. At the th ird  
level o f signal representation>long-time r e c t i f ie d  average signals 
are considered,such as the 'minute v e n t i la t io n '  as included in  
most chemostat models. These three levels  o f signal representation  
describe the modeling 'h ie ra rch ies ' from the point o f signal pro­
cessing. In addition to separating the levels of signal represen­
ta t io n ,  these hierarchies require th e i r  own experimental v e r i f ic a ­
tion  and possess th e i r  p a r t ic u la r  l im ita t io n s .  The neural a c t iv i ty  
q u a n t i f ic a t io n ,  fo r  example, requires microelectrodes and special 
recording systems. The th ird  le v e l ,  on the other hand, is  experi­
mentally obtained ea s ily ,  but since i t  represents long-time averaged 
signals, i t  cannot be used in a model o f  the (short-t im e) dynamics 
of the system.
The present investigation  concentrates on the dynamic input-  
output re la tionsh ip  between the neural command and some selected  
mechanical events in resp ira tion . I t  begins with a review of pre­
sent models and th e i r  l im ita t io n s .  Since the major in te re s t  l ie s
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in the dynamics of the electromechanical sub-block o f  the c o n tro l le r ,  
an attempt is  made to formulate a method o f  q u a n tif ica tio n  o f  the 
e le c t r ic a l  a c t iv i t y  o f the nerve bundle and the muscle. Assuming 
a one-to-one correspondence between the action potentia ls  o f the 
nerve f ib e r  and the muscle f ib e r ,  which i t  innervates, the major 
emphasis is  placed on the electroiryogram (EMG). The EMG i t s e l f  
is measured at the diaphragm because the diaphragm is considered 
a major muscle in resp ira tion  and the EMG can be recorded in human 
subjects without any surgical technique. The variables chosen fo r  
the resp ira tory  mechanics are transpulmonary pressure, a ir f lo w  and 
volume. By selecting a moving average o f  the r e c t i f ie d  EMG, a l l  
variables are functions of time and emphasize breath-by-breath  
events. A ll experimental work is  obtained from anasthetized dogs.
The choice o f  the qu an tif ica tio n  techniques, places th is  in v e s t i ­
gation in the second level o f  modeling hierarchies discussed above. 
The system modeling is  guided by physiological evidence and by 
experimental studies both under natural breathing and under e le c tro ­
phrenic s t im u la tion . I t  is v e r i f ie d  by an analog simulation using 
the recorded electromyogram as the input to the proposed model.
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2. MODELS OF RESPIRATORY SYSTEM
In t re a t in g  resp ira tion  as a feedback control system several 
models have evolved during the la s t  tw enty-five  years. Even though 
the major e f f o r t  has been to explain the chemical control o f  re sp ir ­
a t io n , attempts have also been made fo r  the study of the model of  
v e n ti la t io n  and fo r  system id e n t i f ic a t io n  o f a feedback model. 
Furthermore, some models have included the neuromuscular dynamics 
in resp ira t io n . These represent a progressive refinement o f the 
modeling approach not only to understand the respiratory  physiology 
but also to produce a workable diagnostic tool in resp ira tory  ab­
norm alities -  esp ecia lly  with the aid o f  analog or d ig i ta l  computers. 
Before these models are reviewed, a b r ie f  description o f the 
physiology o f  resp ira tion  is re levant.
2.1 Review of Physiology of Respiration
Respiration is the process o f u t i l i z a t io n  and supply o f  oxygen 
to the body tissues. The c e l lu la r  metabolic processes by which 
oxygen is  u t i l i z e d  are called in te rn a l resp ira tion  whereas the pro­
cesses which are responsible fo r  the supply of oxygen to the ce lls  
and the removal o f  carbon dioxide from them is called  the external 
resp ira tion . This review is re s tr ic te d  to those processes which 
form the external respiration  -  espec ia lly  as they appear as e le ­
ments in a feedback system. This feedback is negative; i t s  purpose 
is to maintain the appropriate p a r t ia l  pressures of oxygen and car­
bon dioxide and the pH in the a r te r ia l  blood (and thereby in  the 
t issues). The system s t a b i l i t y  is  a ffected by a lveo lar v e n t i la t io n
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ra te . As shown in Figure 1 -1 , such a system has two basic sub­
systems ca lled  the contro lling  system and the controlled system.
The con tro lling  system has one major generator o f neural com­
mand. I t  is  believed to be located in the medulla and is often  
referred to as the respiratory center, RC. In the model the res­
p ira to ry  center acts as an e rro r  detector whose function is  to 
compare the desired levels of the body PC02 , P02 and the hydrogen 
ion concentration [H+ ] with the output of the controlled system 
and to transmit the necessary neural command to the resp ira tory  
muscles. Anatomically the resp ira tory  center consists o f  groups 
of insp ira to ry  and expiratory neurons located b i la t e r a l ly  in the 
medulla o f  the brainstem. I t  is th is  center which generates an 
inherent rhythmicity though the physiological nature o f  th is  
rhythmic a c t iv i t y  is  not c le a r ly  understood. By using microelec­
trode techniques and by surgical sectioning of the brainstem con­
ta in ing  pons and medulla, Salmoiraghi and his associates [ 4 ] , [ 5 ]  
have lo ca lize d  the basic resp iratory  neural o s c i l la to r  in the 
medulla. Burns [34 ]  postulated an interconnected group o f  in s p ir ­
atory and exp ira tory  neurons with the process of reciprocal inner­
vation. The interconnections are such that the neural signals  
thus generated e x h ib it  the typ ica l pattern o f neural signals fo r  
resp ira t ion . A simple example o f  such an interconnection o f  two 
insp ira to ry  and two expiratory neurons is i l lu s t r a te d  in Figure
2- 1 .
10






•  Excitatory Synaptic Junctions
0  In h ib ito ry  Synaptic Junction
Figure 2-1 S im plif ied  schematic o f a s e l f -o s c i l la t in g  resp iratory  
center (From [3 5 ] ) .
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This schema postulates the existence o f an o s c i l la to r , th e  f r e ­
quency of which corresponds to the frequency o f resp ira tion  con­
ta in ing  an in sp ira to ry  and an exp ira tory  period. Although the 
medulla contains th is  basic respiratory  o s c i l la to r ,  the frequency 
of o s c il la t io n  is  also affected by the inputs from several a f fe re n t  
f ibers  terminating at the center. These inputs are in response to 
several chemical, mechanical, or psycho-physiological (such as ex­
citement or pain) fac to rs ,  which may o r ig ina te  in the higher brain  
centers, to induce a voluntary change in resp ira tion . A comprehen­
sive study of a l l  such feedbacks to the respiratory  center is  not 
ava ilab le . However, in most models, emphasis is ju s t i f ia b ly  placed 
on chemo- and mechano- receptors since they are considered to
play a major ro le  in the control of resp ira t io n . The known peripheral 
chemoreceptors (o r  chemical sensors) are located in the b ifu rca tio n  
o f the common carotid  a rte r ies  and also at the arch of the aorta .
These receptors are activated only when the a r te r ia l  P02 level f a l l s  
below a certa in  threshold value, however, th e ir  s e n s it iv i ty  to  
changes in PC02 and pH is not so s ig n i f ic a n t .  The central chemo- 
receptors, on the other hand, are considered to be sensitive to 
the increase o f  PC02 in the a r te r ia l  blood. These are also sensitive  
to [H+] and are located in the medulla, though they are anatomically  
d is t in c t  from the resp iratory  center. Due to th e ir  location in the 
medulla, they are not only perfused with blood but also bathed in 
cerebrospinal f lu id .  This suggests th e i r  response is contro lled  not 
only by the chemical changes in the blood but also by those in  the 
cerebrospinal f lu id .
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There are several other a f fe re n t  pathways through which 
feedback s igna ls , in response to mechanical changes, can reach 
the resp ira tory  center. The major pathways are fo r  proprioceptive  
feedback from the in tercostal muscles (and to a very small extent 
from the diaphragm) transmitted via the nerve fibers  along the 
vagus nerve and, in the case of the diaphragm, via the phrenic 
nerves. Lungs also contain mechanoreceptors sensitive to lungs' 
stretch or collapse. The a f fe re n t  discharge from these receptors 
partic ipates in what is known as the Hering-Breur re f le x .  Near 
the upper resp ira tory  passages are receptors producing a f fe re n t  
discharge stimulated by chemical or mechanical i r r i t a n t s .  These 
are responsible fo r  the cough re f le x .
The only predominant output o f the respiratory center is the 
neural command to the respiratory muscles. These are tra ins  of 
action poten tia ls  along the motor f ibe rs  running downwards from 
the resp ira tory  center into the spinal cord. With synaptic junc­
tions on the a n te r io r  horn c e l ls ,  these f ibe rs  activa te  the motor 
neurons a t  d i f fe re n t  segments o f  the spinal cord. The major muscle 
responsible fo r  v e n ti la t io n  is the diaphragm. This is a dome-shaped 
(concave downwards) sheet of s tr ia te d  muscle separating the abdominal 
and the thoracic c av it ie s .  In qu ie t breathing, th is  may be the only 
muscle active  in resp ira tion . The diaphragm is innervated by phrenic 
motor nerves whose fibers  have th e i r  o r ig in  in the spinal cord at  
the 3rd to 5th cervical segments in man. External in tercosta l  
muscles are located between the ribs and the contraction o f these
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muscles pulls  the ribs upwards and outwards during in sp ira tio n  to 
increase the volume of the thoracic cav ity . Their innervation is 
provided by the in tercosta l nerves which leave the spinal cord be­
tween the 1st and 11th thoracic segments. The contraction o f  in ­
tercostal muscles is  not essential fo r  breathing i f  the diaphragm 
is able to function normally. The scalene and sternomastoid are 
other muscles which may be active  in in s p ira t io n . Again, they are 
not considered necessary fo r  normal qu iet breathing.
The diaphragm is  the major muscle o f in s p ira t io n ,  i t s  re laxa­
tion  is  a passive process upon the cessation of in sp ira to ry  motor 
impulses along the phrenic nerves. The muscles, which are active  
in e x p ira t io n ,  are the in terna l in te rcos ta l muscles. In abnormal 
s itu a t io n s ,  the abdominal muscles can act to support exp ira t io n .
As s t r ia te d  muscle, both the diaphragm and the in te rcosta l  
muscles contain receptors which are responsible to length change 
and rate o f  length change o f the muscle f ib e rs .  These are called  
proprioceptors. Their locatio n , function , and s ign ificance so 
f a r  as the diaphragm is concerned, is  not c le a r ly  understood.
The purpose o f  the neural command is  to activa te  the muscle 
f ibers  by depolariz ing them fo r  muscle contraction. There is  a 
one-to-one re la tionsh ip  between a nerve impulse and i t s  muscle 
f ib e r  action potentia l due to the release of acetylcholine and 
the production o f end-plate potentia l a t  the neuromuscular junc­
t io n . An ind iv idual motor nerve f ib e r  usually spreads out a t
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muscle and is  connected to several muscle f ibe rs  in p a r a l le l .
The bundle o f such muscle f ib e rs  activated by a s ingle neural 
input is  ca lled  a motor u n it .  I f  the discharge o f the motor unit  
is  picked up by electrodes, the recorded signal is  the e le c tro ­
myogram. The fundamental property of the muscle's response to 
an action potentia l in i t s  f ibers  is  to contract. This is measur­
able e i th e r  as physical shortening o f the muscle or as changes in  
the tension o f  the muscle. The nature o f  the mechanical properties  
of the muscle -  especia lly  one re la t in g  EMG-tension dynamics is an 
important aspect of th is  d isserta tion  and shall be explored la te r .  
Considering the two major resp ira tory  muscles, the diaphragm and 
the in te rcosta l muscles, contraction leads to volume and pressure 
changes w ith in  the thoracic  cage. I f  the in sp ira to ry  e f f o r t  is 
considered as the only active  e f f o r t ,  the diaphragm's contraction  
causes i t  to f la t te n  or descend whereas the r ib  cage is  expanded 
due to contraction o f the in sp ira to ry  in tercosta l muscles.
The ve n ti la to ry  process is completed by expansion or contraction  
o f the lungs. A ir  is  conducted from the external environment to the 
lungs by a series of dichotomously branching tubes. Beginning at 
the trachea, th is  undergoes 23 generations o f the bracheo-bronchial 
t re e .  The f i r s t  17 generations function as conducting passages; 
the remaining ones ending in a lveo la r  ducts, provide the access fo r  
gas d iffus ion  across the a lveo lar  membranes which separate the a i r  
space w ith in  the lungs from the c ircu la tin g  pulmonary blood. Each 
lung l ie s  w ith in  a double layered sac forming the pa r ie ta l  and
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viscera l pleura. During qu ie t  ex p ira t io n , the volume o f  the lungs 
decreases due to the e la s t ic  reco il  o f  the lungs. The dynamics of 
the lungs and the respiratory  mechanics can be b r ie f ly  summarized 
in Figure 2-2 .
Figure 2-2 i l lu s t r a te s  several pressures that are involved in 
resp ira tory  mechanics. A ll pressures are re la t iv e  to an a rb itra ry  
reference pressure, usually atmospheric pressure, Patm. In a normal 
environment, the body pressure, Pbs, can be assumed to be the same 
as Patm. Flow of a i r  takes place when a pressure d ifference exists  
between the a lveo la r  pressure, Palv , and the mouth pressure, Pao, 
with airways open. The expansion or contraction o f  the a lveo li of  
the lungs depends not only on the pressure difference across the 
lung tissues but also on the v is c o -e la s t ic  properties o f the lungs.
The pressure d ifference across the lungs, P i t ,  represents the d i f f e r ­
ence between the pleural pressure, P p l , and the a lveo la r  pressure.
The d ire c t  measurement of p leural pressure is very d i f f i c u l t .
However, since th is  pressure is approximately equal to the esophageal 
pressure, Pes, the measurement o f Pes by balloon technique is con­
sidered an acceptable procedure to measure Ppl. Under s ta t ic  condi­
tions the pressure in the to ta l  resp iratory  system, Prs, equals Palv 
assuming the reference pressure to be zero. Stated otherwise, this  
Palv is  the sum o f P i t  and the chest wall pressure, Pw. Under dynamic 
conditions, muscular pressure, Pmus, must be added to th is  to y ie ld  
Palv, as shown in Figure 2-3 . Here the muscular pressure, Pmus, 
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Figure 2-2 Some pressures involved in resp ira tory  mechanics.
For deta ils  see te x t  (From Hidebrandt and Young [36 ])
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Figure 2-3 A s im p lif ied  e le c t r ic a l  analog of the to ta l  respiratory  
system tFrom Mead and M il ic -E m ili  [ 3 7 ] ) .
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The dynamics o f  the resp ira tory  mechanics are ra ther  complex 
since they involve many driv ing forces and d is tr ib u ted  parameters 
including airway resistance, compliance of various anatomical parts 
and in e r t ia .  A s im p lif ied  e le c t r ic a l  analog has been described by 
Mead and M il ic -E m ili  [37 ]  in which i t  is assumed th a t  d is tr ibu ted  
parameters can be lumped and th a t  the e n t ire  system has only one 
degree o f freedom. Such an analog is shown in  Figure 2-3 .
The pulmonary v e n t i la t io n  along with the cardiac output results  
in the pulmonary gas exchange. This takes place at the a lveolar  
membranes which separate the gas region of the lungs from the surround­
ing blood perfusion. The membranes permit the d iffus ion  of CO2 from 
the l iq u id  phase to gas phase and also allow the d iffus ion  o f 02 from 
the inspired alveolar a i r  in to  the a r te r ia l  blood. These diffusion  
processes depend on concentration gradients and the membrane's res is ­
t iv e  property to ion ic  d if fu s io n .  The path of f lu id  input is  the 
pulmonary 'a r te r y 1 containing higher percentage of carbon dioxide 
which is  accumulated in the venous blood due to metabolic production 
o f COg by the body t issues. The f lu id  output path is  the pulmonary 
'v e in '  which has the gas composition of a r te r ia l  blood. An important 
fa c to r  which determines the rate  o f gas exchange is the pressure 
gradient between a lveo la r  gas and the mixed venous blood in the 
pulmonary 'a r te r y ' .  This gradient in turn depends on the alveolar  
v e n t i la t io n  ra te ,  metabolic rate o f production o f  C02 and the cardiac 
output. The a r te r ia l  blood, a f te r  d iffu s io n , must maintain the desired  
level o f PC02 and P02 . The peripheral and central chemoreceptors are
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the chemical sensors which determine these levels  in the a r te r ia l  
blood. F in a l ly ,  the a f fe re n t  nerves from the chemoreceptors 'close  
the loop' in the resp ira to ry  chemostat.
The physiology of resp ira t ion , as reviewed above, is  a gross 
s im p lif ica t io n  but adequate fo r  modeling. I t  does, however, reveal 
th a t  the con tro lling  system as shown in  Figure 1-1 is o ver-s im p lif ied .  
This con tro lling  system includes several features between the chemical 
feedback as i t s  input and the a lveolar v e n t i la t io n  as i ts  output.
Some essential physiological features are the central and peripheral 
chemoreceptors, the respiratory  center, i t s  output as neural command 
to the respiratory muscles, the resp ira tory  muscles and t h e i r  e le c tro ­
mechanical dynamics y ie ld in g  pressure variables in the thoracic cage 
arid the v iscoe las tic  lungs. Certain minor loops in the con tro lling  
system are shown as subsystems of the to ta l  respiratory system in
Figure 2 -4 . These inner loops are due to neural feedback from the
stretch receptors in the lung and the proprioceptors in the muscles. 
Furthermore, the medullary respiratory center i t s e l f  has been inves­
t ig a ted  as a s e l f -o s c i l la t in g  subsystem. The controlled system also 
has several hidden physiological fea tu res , such as the d iffus ion  
process, transport delays due to blood c irc u la t io n  system, metabolic 
process producing COg in venous blood, the transport o f a r te r ia l  
blood to body and brain  t issues, and s im ila r  transport delays in  
venous blood flow. The recent modeling approach u t i l iz e s  most of
these physiological factors to produce a workable model. Yet s t i l l
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The regulation of resp ira t io n , thus, involves a complex b io­
log ica l system. I ts  analysis is  feasib le  upon s im plify ing assump­
tions which are adaptable to changing data. The major aspects of 
resp ira tory  physiology can be summarized in a simple diagram of  
the e n t ire  respiratory system. This is shown in Figure 2-4.
2 .2  Models of Respiratory System
2.2  (a ) Respiratory Chemostat. Gray [ 2 ] ,  in 1945 had proposed 
the 'M u lt ip le  Factor Theory1 o f  ven ti la to ry  control by chemical 
s t im u l i .  His hypothesis suggest tha t three s t im u l i ,  PC02 , P02 and 
[H+] act in d iv id u a lly  and the ve n ti la to ry  response is add itive .
Gray supported this hypothesis by empirical evidence and attempted 
the f i r s t  q u an tita tive  description of resp ira tory  regulator. He
4*
was also able to investigate  the separate e ffec ts  o f PC02 , [H ] and 
POg by simple experiments [3 8 ] .  For example, the e f fe c t  of PC02 
and [H+ ] can be separated by data o f C02 response under two d i f fe re n t  
conditions; one in which PC02 and [H+] both increase and another in 
which PC02 decreases but [H+] increases due to metabolic acidosis.
The equation suggested by Gray is :
Vamt = 1 .1 (H+ ) + 1.81 PC02 + (2 .3 8 x l0 - 8 ) ( 104-P02) 4 *9 (2 .1 )
where Vamt = a lveolar minute v e n ti la t io n  in l i t e r s /m in . ,  [H ] is 
a r te r ia l  hydrogen ion concentration in m M / l i t e r ,  and PC02 and P02 
represent a r te r ia l  gas tensions (as p a r t ia l  pressures) in mm Hg.
Thus an increase in a r te r ia l  PC02 w i l l  increase the minute v e n t i la ­
t io n .  This is what Gray described as 'compensatory adjustment'
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because the increase in Vamt w i l l  tend to reduce the a r te r ia l  PC02 .
This way, Gray had im p l ic i t ly  suggested the negative feedback e f fe c t  
in the chemical control o f  v e n t i la t io n .  The 'compensatory e f f e c t 1 
was mathematically formulated as:
where the primed variables represent tracheal pressures, MR is the 
metabolic gas exchange rate and k is  a constant to equalize the 
units on both sides o f equations (2 .2 )  and ( 2 .3 ) .  The problem o f
iz in g  Henderson-Hasselbalch's blood b u ffe r  equation y ie ld in g :
where a and b are constants depending on oxygen capacity , oxygen 
saturation and the bicarbonate contents of the blood.
Grodins e t  a l .  [3 ]  used this q u a n tita t iv e  approach to propose 
the f i r s t  mathematical model o f resp iratory  regulator with the 
spec if ic  purpose of predicting  the resp ira tory  response to breathing  
of a i r  mixed with C02 as a disturbance variab le  (as shown in  Figure
1 -1 ) .  Their s im p lif ied  model was the resu lt  o f  theoretica l analysis  
of the respiratory  system. There were several assumptions made. I t
( 2 . 2 )
and
(2 .3 )
obtaining the dependence o f  [H+] on v e n t i la t io n  was solved by l in e a r -
[H+] = a PC02 + b (2 .4 )
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is  necessary to mention these assumptions since la te r  models were 
developed p a r t ly  a f te r  modifying these assumptions. Furthermore, 
on the basis o f  these assumptions certa in  models can be compared. 
These assumptions were: (1) that lungs can be regarded as a r ig id
box of constant volume, zero dead space, and homogeneous content 
ven ti la ted  by a continuous un id irectiona l stream of gas; (2) the 
respiratory  quo tien t,  (RQ = volume o f  C02 expired/volume of 02 
absorbed), is  1 a t  every ins tan t;  (3) blood transport delays are 
n eg lig ib le ;  (4) the respiratory  center can be lumped with a l l  other  
body tissues in a homogeneous reservo ir  having constant blood flow;
(5) the a r te r ia l  blood, venous blood, and the body tissues have the 
same l in e a r ized  C02 absorption curve; (6 ) expired a i r  and the 
a r te r ia l  blood are in continuous C02 equ ilibrium  as are the tissues  
and the venous blood; and (7) the co n tro llin g  system gives a l in e a r  
re la t io n  between C02 concentration, 0 j ,  and a lveo lar  minute v e n t i la ­
t ion  Vamt namely:
Vamt = a 0j  -  b (2 .5 )
where the constant a represents c o n tro l le r  gain and b represents 
c o n tro l le r  b ias . To establish the equation fo r  the contro lled  system, 
the chemical con tinu ity  equations were established fo r  the lung reser­
vo ir  and the body tissue reservo ir . The controlled system dynamics 
were represented by a second order d i f f e r e n t ia l  equation o f the type:
a-| 0j  + (a2 + b Vamt) 9y + Vamt + 0y = a^ + (a^ + a  ̂ FC02) Vamt
( 2 . 6 )
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In equation (2 .6 )  e-j- represents the output of the contro lled  system 
and the forcing function is  represented by FC02 , the f ra c tio n  of 
C02 in inspired a i r .  This forcing function enables the model to 
predict tra n s ien t response o f  the respiratory chemostat to sudden 
change in  the C02 contained in the inspired a i r .  Equations (2 .5 )  
and (2 .6 )  together represent a nonlinear closed loop system. The 
constants in (2 .5 )  and (2 .6 )  depend on certain physiological con­
stants. Grodins and his associates had simulated th is  system on 
an analog computer to compare experimental results fo r  the step 
changes in C02 in the inspired  a i r ,  FCOg. S ig n i f ic a n t ly ,  the re ­
sponse to a step input o f FC02 in inhalation  was in  agreement with 
the model p red ic tion , though the o f f - t ra n s ie n t ,  due to cessation of  
C02 content in the inspired a i r ,  showed some discrepancy. This dis­
crepancy represents the f a i lu r e  o f  experimental o f f - t ra n s ie n t  under­
shoot as expected from the theore ti  cal model.
The attempt to modify the model began by removing the various 
assumptions which Grodins had made in his f i r s t  model. Defares 
et a l . [3 9 ]  presented the f i r s t  modified model where two important 
changes had been made in the e a r l ie r  assumptions. F i r s t ,  they 
divided the s ingle body-tissue compartment in to  two tissue compart­
ments -  one ca lled  the brain compartment and the other the non-brain 
( i . e . ,  the remaining body tissue) compartment. Second, while recog­
nizing the experimental evidence th a t  cardiac output is  unaffected 
by C02 in h a la t io n ,  there was experimental evidence to support the 
view th a t  cerebral blood flow depends on blood PC02 - The two
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modifications in the e a r l ie r  assumptions are in te rre la te d  in the 
model o f Defares and his associates. Except fo r  adding a brain
a nonlinear function o f a r te r ia l  PC02 , the modeling approach is 
s im ila r  to one adopted by Grodins et a l . The resu lt ing  e f fe c t  
is a nonlinear open loop equation. The overa ll behaviour of the 
model, however, does not provide any s ig n if ic a n t  change in that  
e a r l ie r  model.
Before these models could be extended or modified, Yamamoto 
[40] had made a theore t ica l analysis of the temporal variations  
o f the a lveo lar C02 . The general form of the d i lu t io n  equation 
fo r  determining the concentration of gas is :
where C(T) is the volume concentration at time T and Q repre­
sents quantity flow of concentrate. The numerator and the denomin­
ato r  in tegra ls  in (2 .7 )  are short form versions o f  summated in tegra ls  
using continuity  equations during in sp ira tio n  and exp ira tion . The 
a r te r ia l  PC02 , as a function o f time is o s c i l la t in g  about a mean.
I f  the metabolic load is  increased, as in exerc ise , the mean remains 
the same, though the amplitude o f  o s c il la t io n s  increases. On the 
other hand, under C02 in h a la t io n , the mean may increase though the 
amplitude of o s c il la t io n s  decreases. Yamamoto also questioned the
blood-flow co n tro l le r  equation by which brain blood flow QR isB
C(T) = - (2 .7 )
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v a l id i ty  of venous PC02 as the input to the c o n tro l le r  in Grodins1 
model. Another im p l ic i t  suggestion was to propose a model where 
respiratory  variables shall be considered as continuous functions 
o f time.
Grodins and James [41] used the above hypothesis to make some 
major modifications in  t h e i r  e a r l ie r  chemostat model. This was done 
by considering flow s igna ls , V, in the form of a sinusoidal signal 
w ith in  the resp iratory  frequency range as the input to the controlled  
system. This replaced the concept of minute v e n t i la t io n ,  Vamt, as 
used in th e ir  f i r s t  model, as the input to the controlled system. 
Sinusoidal input to lung compartment needed two continuity equations -  
one va lid  during in s p ira t io n  and the other one fo r  exp iration .  
Likewise, the a lv e o la r  a r te r ia l  C02 equ ilibrium  equation included 
a volume dependent parameter. The a r te r ia l  PC02 was considered as 
the input to the c o n tro l le r .  The con tro lling  system was also modi­
f ie d  by adding in te g ra l  control to the proportional control. Also 
included in the model were the metabolic ra te  in  exercise, a r te r ia l  
blood in to  brain and non-brain paths and the use of blood flow 
changes as another var iab le . By doing t h is ,  the model could p red ic t  
the response both under C02 inhalation and under exercise. The 
important factor was the time course o f a r t e r ia l  PC02 as suggested 
by Yamamoto.
The models developed so fa r  have emphasized the control o f  ven­
t i l a t io n  by changing the C02 content in the inspired a i r .  As shown 
in Equation ( 2 .1 ) ,  Gray's M u lt ip le  Factor Theory suggests the
26
dependence of v e n ti la t io n  on three independent var iab les . By using 
th is  m u lt i- in p u t s ignificance and by using modified Henderson-Hassel- 
balch's equation, Mil horn and his associates [42] proposed another 
m odification by considering Vamt dependent on PC02 and P02 , i . e . ,
Vamt = f(PC02 , P02 ) (2 .8 )
With th is  equation, a l in e a r  re lationsh ip  was proposed between 
minute v e n ti la t io n  and the two inputs, PC02 and P02 , in the cerebral 
a r te r ia l  blood. Inclusion o f 02 as a new variab le  necessitated the 
use o f  the 02 d issociation curve which was assumed to be the same fo r  
a r te r ia l  and venous blood. In addition , the major modification by 
Mil horn e t  a l . in the e a r l ie r  assumptions is the inclusion of trans­
port delays due to blood c irc u la t io n .  Since the controlled system 
includes the three compartment scheme ( i . e . ,  lungs, brain tissues 
and body tissues) and since the peripheral chemoreceptors were lo c a l­
ized to generate the P02 response, there were f iv e  time delays in ­
volved, two fo r  a r te r ia l  paths ( lungs-to -bra in  and b ra in -to - lu n g s),  
two fo r  venous paths (body-to-lungs and bra in -to -lungs) and one for  
lungs-to-peripheral receptor, a l l  due to blood c irc u la t io n  time.
The physiological s ign ificance o f th is  approach is c le a r ly  evident 
from Figure 2-4. Thus, the modeling approach o f  Milhorn and his 
associates includes certa in  known physiological facts which were 
l i k e ly  to a ffe c t  the system dynamics. Again, i t s  basic purpose was 
to improve the model so th a t  the results would be closer to experi­
mental observation. This also implied m odification o f  the e a r l ie r
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assumptions underlying the f i r s t  model by Grodins. The place of 
Grodins' f i r s t  model in the chemostat system is  i l lu s t r a te d  in  
Figure 2-5.
Among the various model m odifications, the one by Horgan and 
Lange [43 ]  have proposed a model which represents not only fo r  the 
normal breathing patterns, but also a type o f  abnormal breathing 
known as Cheyne-Stokes breathing. This breathing abnormality is 
exhib ited  by an o s c il la to ry  pattern in the changing m inute -ventila -  
t io n  and can be explained, th e o re t ic a l ly ,  by an increase of blood 
transport delays. There exists  experimental evidence to support th is  
hypothesis [4 3 ] .  Horgan and Lange also incorporated a nonlinear 
chemoreceptor response. Except fo r  these two changes, the model f o l ­
lows the same approach as th a t  o f Grodins' f i r s t  model. Further 
m odification o f th is  model was proposed by Horgan and Lange [44] by 
inclusion of oxygen control loop, representing the e f fe c t  of Og 
receptors to v e n t i la t io n .  This model did not simulate the COg in h a l­
ation  response successfully since the time constants used were not 
w ith in  r e a l is t ic  range. Horgan and Lange [ 4 5 ] ,  the re fo re ,  presented 
ye t another modification in th e i r  model by incorporation of the 
e f fe c t  o f COg in the cerebrospinal f lu id  and the brain tissues.
This needed additional compartments l ik e  brain t iss u e , blood-brain  
barr ie rs  and the cerebrospinal f lu id  in the contro lled  system. I t  
may be pointed out tha t Milhorn and Guyton [4 6 ]  also modified Grodins' 
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The model to explain Cheyne-Stokes breathing was continued by 
Longobardo and his associates [47 ]  and was tested by Cherniack e t  
a l .  [4 8 ]  on periodic breathing in dogs. Basically  the model in ­
cluded a f i r s t  modification o f Gray's M u lt ip le  Factor Theory, namely 
a m u lt ip l ic a t iv e  rather than add it ive  e f fe c t  of chemical s tim uli on 
v e n t i la t io n .  Furthermore, the new approach was adopted to describe 
the dynamics o f  the controlled system. This was done by considera­
tion o f C02 and 02 storage in the body and lung tissue since the 
a r te r ia l  and venous C02 and 02 tensions are re la ted  to th is  storage. 
Longobardo e t  a l . concluded th a t  Cheyne-Stokes breathing could result  
not only by increasing c irc u la t io n  time but also changing C02 sensi­
t i v i t y .  Cherniack and Longobardo [ 4 9 ] ,  [50] and t h e i r  associates 
fu r th e r  substantiated the dynamics o f  C02 and 02 stores when v e n t i la ­
tion was a lte red  under conditions l ik e  apnea, hyp erven tila t io n , or 
asphyxia.
Models discussed so f a r  are a l l  re la ted  to overa ll chemical con­
tro l  o f re s p ira t io n . The dynamics o f the co n tro l le r  and o f the con­
t ro l le d  system have been studied under various assumptions. The 
changes in the assumptions have resulted in closeness to r e a l i t y  and 
refinement in modeling. Basic a l te ra t io n  has been outside the con­
t r o l l e r  block, thus elim inating  any discussion on the in terna l dynamics 
of the c o n tro l le r .  Figure 2-6 shows the extension o f  controlled  
system study by various investiga tors . The exclusion of the dynamics 
of the c o n tro l lin g  system in a l l  these models is c le a r ly  evident in 
Figure 2 -6 .  This d isserta tion  is an attempt to explore the nature of  
a subsystem w ith in  this con tro lling  system.
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Edwards and Yamamoto [5 1 ] ,  Yamamoto [5 2 ] ,  and Horgan and Lange 
[53] have provided an exce llen t  review of the physiological approach 
to modeling as well as the development o f  various models. Certain  
possible theoretica l a lte ra tio n s  in the modeling procedure have also 
been suggested. On the basis o f ava ilab le  physiological information, 
Grodins e t  a l . [54] have produced a completely modified model which 
i n i t ia t e s  a new mathematical technique in modeling. The s ig n if ic a n t  
features are the use of d i f fe re n t ia l -d i f fe re n c e  equations with delays 
and use o f temporal variations of a l l  parameters. I t  does provide 
a comprehensive and synthetic study o f pulmonary v e n t i la t io n .  Also 
the gen era lity  o f this model makes i t  possible to simulate the re ­
sponse to  several forcing functions such as COg in h a la t io n ,  hypoxia 
at s e a - le v e l,  a l t i tu d e  hypoxia, and metabolic disturbances.
2 .2  (b) Other Models and Subsystem Analysis. Having discussed 
the various models of overall chemical control o f re s p ira t io n ,  i t  is 
possible to review some features o f  other models and the investigation  
of subsystems which form the con tro lling  system and the controlled  
system as discussed above. This group is rather scattered and is a 
co llec t io n  o f diverse approaches from theoretical investigators  to 
the p ractica l approach of resp ira tory  analysis as a diagnostic too l.
I f  any p rac t ica l overall model has to emerge, a discussion o f other 
models and ana ly tica l techniques may be useful.
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While reviewing the chemostat models, i t  was pointed out that  
Yamamoto [40] had doubted the s ignificance o f 'minute v e n t i la t io n 1 
as a measurable variable  in a l l  models with the exception o f  the 
la te s t  one by Grodins and his associates [54]. Yamamoto has pre­
sented a theore tica l approach to substantiate his e a r l ie r  hypothesis. 
Consideration o f  'minute volume' as a respiratory response rests on 
the assumption o f  continuity in a unid irectional a i r  flow in the lungs. 
This overshadows the dynamic response where breath-by-breath analysis 
is required or where a short in te rva l of time during a respiratory  
period is to be considered. I t  i s ,  therefore , suggested tha t a i r  
flow be considered as the basic var iab le . Both the 'm inute -venti la -  
t ion ' and the ra te  of breathing can be obtained from the p lo t  of a i r  
flow as a stochastic time function sometimes re ferred  to as time- 
series. Yamamoto describes the a i r  flow in the form:
V ( t )  = P ( t )  cos e ( t )
where, P ( t )  and e ( t )  are random variab les. He suggested autocorrela­
tion and power density analysis on the basis of which he measured the 
various variab les .
As mentioned e a r l ie r ,  the signal representation determines the 
hierarchies o f  modeling (Chapter 1 ) .  By using 'm in u te -ven ti la t io n '  
as a c o n tro l le r  response, the analysis uses a f u l l  wave re c t i f ie d  
and averaged flow signal V (sometimes referred to as envelope).
Even with 'minute v e n t i la t io n '  as a s igna l,  the stochastic process 
has been investigated. By examining the o s c il la t io n s  in v en ti la t io n  
over a long in te rva l of time (running into hours), Goodman [55] pro-
33
ceeded with analysis o f  cumulative volumes o f inspired a i r  over regular  
in te rv a ls  o f  time. By spectral analysis, he id e n t i f ie d  the v e n t i la t io n  
as a superposition o f denumerable sets o f almost periodic o s c il la t io n s  
under steady-state breathing pattern . Goodman and his associates [56 ]  
extended th is  approach to get s im ila r  analysts of several other v a r i ­
ables, e . g . ,  carbon dioxide re lease, endtidal C02 concentration and 
resp ira tory  quotient.
The other end o f  the hierarchy of modeling poses serious experi­
mental l im ita t io n s  since i t  involves microelectrode techniques to  
se lec t neural pulse t ra in s .  While physiological data have been gathered 
concerning the e le c t r ic a l  a c t iv i t y  of neural and muscular fibers  in ­
volved in resp ira t io n , l i t t l e  is known about i t s  association with a 
feedback model of resp ira t io n . Rubio [57] has proposed a mathematical 
model o f the respiratory  center as an important subsystem of the con­
t r o l l e r .  He extends the hypothesis of Salmoiraghi e t  a l .  [ 4 ] ,  [5 ]  by 
a mathematical investigation  o f the f i r in g  pattern of two interconnected 
neuron groups at the resp ira tory  center. The phenomenon of temporal 
summation and reciprocal innervation leads to a nonlinear in tegra l  
equation o f the s e l f -o s c i l la t in g  autonomous system. This o s c il la t io n  
has a l im i t  cycle which is  responsible fo r  the basic respiratory drive .  
How th is  drive depends on chemical input and how i t  affects  the re ­
su ltan t  ven ti la t io n  is not c le a r ly  answered. The hypothesis o f s e l f -  
o s c i l la t in g  respiratory center has recently been found to be inadequate 
by M e r r i l l  [5 8 ] .  His experimental observations reveal the e f fe c t  o f  
vagal feedback to the resp ira tory  center as well as the independence
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of the insp ira to ry  and expiratory neuronal populations in the 
resp iratory  center.
Going 'down the l i n e 1, in the c o n tro l le r ,  one faces the problem 
of studying the neuromuscular dynamics which represents an important 
subsystem forming the l in k  between the neural output of the resp ira ­
tory  center and the mechanical action o f  the resp iratory  pump. Sig­
n i f ic a n t  work in th is  d irec tion  has been reported by Aizerman and 
Andrejeva [5 9 ] .  They presented a hypothesis o f muscle response 
wherein the 'muscle' represents the to ta l  muscle including the neuronal 
organization of the spinal segment d ire c t ly  connected to i t ,  i . e . ,  
i t  includes a -and y  -  motoneurons and the adjacent interneuronal 
pool. The response o f the muscle is measured in  the form of a rec­
t i f i e d  and f i l t e r e d  EMG. I t  is assumed that th is  response is re lated  
to the number o f a motoneurons f i r in g ,  Na which i t s e l f  is propor­
t iona l to the number o f excited neurons, Nr , in the random in t e r ­
neuron pool, RIN. Both Na and Nr  are random numbers and th e i r  
temporal varia t ion  depends on the command volley  received from the 
higher center. I t  is assumed that the a r r iv a l  of th is  command vol­
le y ,  in the form of a short duration t ra in  o f pulses, would increase 
Nr  and thus Na and therefore produce the muscle response as a 
'splash' whose amplitude may be considered to be a random variab le .
I t  is  assumed th a t  the only s ig n if ic a n t  fe a tu re ,  in so fa r  as the 
response o f the muscle is concerned, is the time when th is  command 
volley  arr ives . Since the muscular output can be considered to be 
e ith e r  tension, angular motion, or the ve lo c ity  o f contraction,
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the goal o f such a muscle is  to search fo r  such an output and main­
ta in  i t  at the desired level by minimizing any possible changes 
about th is  le v e l .
This process is  described as a simple search mechanism, SSM, 
i l lu s t r a te d  in Figure 2 -7 . A key element in th is  model is  the 
"U-function" between the variables y and u. The re la t io n  between 
muscle output y ,  the U-function, and the command volley is  shown in  
Figure 2 -7 (a ) .  This command volley is  generated only when the v a r i ­
able U, while increasing, exceeds the threshold value A. When the 
value y drops below the desired tension level by an amount a then 
U reaches the threshold point A, causing onset of command vo lley  
a t  time t - | . The muscle dynamics are such th a t  a "volley" w i l l  
cause y to go up to a maximum and then decrease again. This "splash" 
may be large enough to bring y up to the value y (shown in  Figureci
2 -7 (a )  at time t 2 ) in which case the U-function w i l l  rise again above 
the threshold value A in i t i a t in g  another command vo lley . As shown 
in Figure 2 -7 (a )  fo r  t  = t 2 , th is  new volley  w i l l  increase the 
ex is t in g  "splash". F in a l ly ,  y w i l l  come down again un til  i t  reaches 
the value y b (a t  time t 3 i l lu s t r a te d  in Figure 2 -7 (a ))  a t which 
time U rises above the threshold value A again and a new command 
vo lley  is i n i t ia t e d .  From the control system point o f view, th is  
process can be shown by a simple diagram as shown in Figure 2 -7 (b ) .
Zakharova and L itv in tsev  [60] had e a r l ie r  tested th is  SSM 

















Figure 2-7 Simple Search Mechanism [59] and the re lated  control system.
The p r in c ip le  of SSM is shown in (a ) .  A simple control system 
model is  shown in (b) in which the command generator in i t ia te s  
command "volley" whenever u increases above the threshold value 
A.
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f i c i a l  feedback. The purpose o f the a r t i f i c i a l  feedback was to gener­
ate a pain stimulus to the animal as soon as the recorded EMG in the 
animal's ske le ta l muscle, crosses a threshold level (as shown in Fig­
ure 2 - 7 ( a ) ) .  The ultim ate goal o f the muscle response is  to maintain 
small o s c il la t io n s  about some point (point r  in Figure 2 -7 (a ) )  in  
order to  avoid the pain stimulus. Furthermore, i f  th is  point is  
sh ifted , the animal response would also follow th is  s h i f t .
Tenenbaum [5 9 ] ,  [60] extended the SSM hypothesis to the neuro­
muscular command in resp ira tion . I f  the 'IT curve (Figure 2 -7 (a ) )  
is sh ifted  v e r t ic a l ly  with a constant ve loc ity  during in sp ira tio n  
and is suddenly brought back at the end o f in sp ira tio n , then the 
recorded EMG w i l l  e x h ib it  the typ ica l ramp-like periodic signal as 
shown in Figure 2 -8 . I f  the shape or size o f the motion of the 
threshold point is  changed, the muscular response w i l l  also change. 
Tenenbaum [6 2 ]  postulates a second level o f control to determine 
this motion o f  the threshold po in t. This control level involves  
another function S which, as shown in Figure 2 -8 (a ) ,  depends on 
a function F representing the EMG ( in  a modified form) and a 
function G , representing lung volume. There is a threshold level 
at which the r is in g  S function w i l l  terminate in s p ira t io n .
Tenenbaum supports th is  hypothesis by experimental results  of breath­
ing with increased airway resistance, which would cause reduction in  
the slope o f  the G function (with respect to time) thus increasing  
the insp ira to ry  period. Tenenbaum also postulated a th ird  level of  
control which slowly changes the function F and the threshold level 
under changing external conditions l ik e  POgj PCOgj or work o f  breathing.
38




In s p ira t io n  Expiration
(a) SSM as applied to neuromuscular dynamics of the diaphragm in 





(b) Possible model to explain the neuromuscular dynamics in resp ira tion .
Figure 2-8  SSM and i ts  app lica tion  to a control system model o f  resp ira t io n .
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The SSM hypothesis and i t s  use to explain neuromuscular dynamics 
of resp ira t ion  rests on several assumptions which are e i th e r  e x p l ic i t  
or im p l ic i t .  One such major assumption is that the ra te  o f  discharge 
of a-motoneurons or the number o f  action potentia ls  is  not s ig n if ic a n t .  
Physiological observation of impulse discharge in a f fe re n t  nerves does 
not support th is  argument. Again, the process of recruitment o f  neuro­
muscular f ib e rs  and the temporal varia tions in pulse ra te  as shown in 
resp ira tory  system seem to be ignored by the authors of SSM. The 
model has an im p l ic i t  assumption o f  a feedback from the muscle to the 
higher center which is responsible fo r  the control o f  the command 
volley. I f  the second and th ir d  levels  o f control, as suggested by 
Tenenbaum, are included in the control system, i t  can be i l lu s t r a te d  
as a simple multiloop feedback system as shown in Figure 2 -8 . This 
f igure includes an element G(p) , whose response w i l l  depend on system 
states a t  the time o f  a command volley  as well as on the volley i t s e l f ,  
giving r is e  to to ta l  response signal th a t  appears to consist of random 
"splash". A c lear  explanation o f  second and th ird  leve ls  of control,  
as described by Tenenbaum, does not seem possible in neurophysiological 
terms, a t  le a s t  a t  the present time.
Another important subsystem o f the co n tro l le r  is  the one which 
includes the dynamics of the resp ira tory  pump. Physiological inves­
tigations have provided substantial background with which Mead and 
M il ic -E m il i  [37 ]  lay the framework o f respiratory mechanics. The 
variables involved in resp iratory  mechanics are the pressures due to 
muscle e f fo r ts  and th e ir  influence on lung mechanics. Jodat e t  a l .
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[63 ]  have proposed a system model including these fac to rs .  They de­
velop t h e i r  model by se lecting  pleural pressure as the intermediate  
variab le  through which the muscle force is transformed in to  the 
volume changes in the lung. The model is developed by following  
the analog model shown in Figure 2 -3 , in which abdominal and chest 
wall volume-pressure dynamics are included. By ignoring mass, the 
authors consider f i r s t  order d i f fe r e n t ia l  equations fo r  lung, chest 
wall and abdominal muscle s tru c tu re .  Pleural space is considered 
s t i f f l y  coupled, i . e . ,  w ithout any mass or resistance factors . 
Availab le  physiological results  are used fo r  the parameters o f the 
model. For model sim ulation, transdiaphragmatic pressure is used 
as the to ta l  muscle pressure which can be separated in to  chest wall 
and abdominal components. As in te re s tin g  feature  o f  the model is 
the inclusion o f the in te ra c t io n  between r ib  cage and diaphragm 
forces during i n i t i a l  phases o f insp ira tion  and exp ira t io n . The 
model has s ig n if ic a n t  value in abnormal breathing since under normal 
breathing the diaphragm's actions can be considered as the major 
muscle force. The model does not include the pressure-force re la t io n ­
ship o f  the active diaphragm.
Considering the e n t ire  resp iratory  pump as a simple R-C c i r c u i t  
involving external pressure, a lveo la r  pressure and flow , theoretica l  
studies have been made by Wald e t  a l . [64] from the point of i ts  
u t i l i t y  in respiratory f a i lu r e  which needs p o s it ive  pressure breath­
ing. Since the use of a pos it ive  pressure re s p ira to r  may lead to 
a lveo la r  pressure changes which may cause cardio-pulmonary damages,
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the authors have studied optim ally contro lled  pos it ive  pressure 
resp ira t io n  by se lec ting  various forms o f  external pressure s ignals.  
The c r i t e r i a  fo r  o p t im a lity  are the peak o f  a lveo la r  pressure, the 
time o f i t s  occurrence, the time-average a lveo la r  pressure and the 
work o f breathing during passive exp ira t io n . Out o f  f iv e  waveforms 
o f applied pressure with s im ila r  re s u lts ,  the authors consider the 
rectangular waveform the best since i t  gives absolute lowest value 
of a lveo la r  pressure. This model uses an external pressure waveform 
with f ixed  structure o f  the resp iratory  system. Jain and Guha [65]  
have extended the pos it ive  pressure resp ira t ion  with variant re s p ir ­
atory parameters. The a lveo la r  pressure is  considered as an impor­
tan t index of optimal resp ira tory  performance and the 're s p ira to r  
system1 has been assigned to  minimize the e f fe c ts  of pos itive  pres­
sure when lung parameters change.
The chemostat model has also been studied from the system 
id e n t i f ic a t io n  point o f  view. S to l l  [ 66] has approached the problem 
by sinusoidal response, assuming a l in e a r  t ra n s fe r  function in  the 
overa ll chemostat model. Sinusoidal response is  experimentally ob­
tained by an ingenious device which controls the insp ira to ry  
mixture in a sinusoidal fashion (frequency range 0.108 to 4.38  
cycles/m in.) a t  d i f fe r e n t  amplitudes. S to l l  considers the sinusoidal 
response tes t  preferable  to e a r l ie r  step-response tests sp e c ia lly  
when s teady-s ta te , in te rn a l ly  generated outputs and random noise are 
to be separated from the response to known sinusoidal inputs. Line­
a r i t y  was tested by v e r i fy in g  the small influence o f second and th ird
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harmonics o f output data. The absence of large second and th ird  
harmonic components was fu r th e r  v e r i f ie d  by power spectrum analy­
s is . The subsystem outputs were t id a l  volume, minute volume, and 
a lveo lar COg concentration. By gain and phase plots o f  these v a r i ­
ables, the overa ll t ransfer  function was found to be the type:
-ri
G ( s ) = ? - ,  k i  e x p  C - T i S ) (2 g)
T S + 1
The problem then reduced to estimation of various parameters 
and transport delays involved in Equation (2 .9 )  which was accom­
plished by use o f  leas t  square estimation techniques [6 7 ] .  In a 
subsystem, l ik e  the one involving lung dynamics alone, parameter 
estimation has been used as a c l in ic a l  tool fo r  the diagnosis of  
resp iratory  disease [ 68] .
2 .3  Summary
The above l i t e r a tu r e  review was divided in to  two parts . The 
f i r s t  part was re la ted  to a survey of chemostat models presenting 
an essential part o f  the e n t ire  resp ira tory  system as a feedback 
control system. Evolution o f  the modeling is re lated  to modifica­
tions of basic assumptions so th a t  physiological facts could be 
included step by step. The s ta te -o f - th e -a r t  leads to a m u lt i -  
compartment, m u lt i - in p u t ,  m ulti-output model of the chemical control 
of resp ira t io n . With the exception o f Grodins' model, a l l  others 
have p ra c t ic a l ly  ignored breathing as a function of time; in other 
words as Yamamoto points out [5 2 ] ,  these models 'd o n 't  b rea the '.
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Another important fa c to r ,  which has been ignored in the chemostat 
models, is the in terna l dynamics of the c o n tro l le r .
The second part o f  the review deals with some o f these sub­
systems as well as with various aspects of modeling and application  
of engineering approaches in the study of resp ira tory  physiology. 
Discussed are several aspects of respiratory  control from the 
neural and chemical points of view considering several theoretical  
and experimental techniques. This review also points out the h ie r ­
archy o f modeling and specifies  the re la t io n  between subsystem 
study and the overall control system. This d isserta t ion  is l im ited  
to study o f  the subsystem involving the neuromuscular aspects o f  
the c o n tro l le r .
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3. ANALYSIS OF THE NEURAL COMMAND AND THE ELECTROMYOGRAM
The present investiga tion  considers the neural command from the 
resp ira tory  center as the input to the neuromuscular subsystem.
This neural command is  transmitted to the resp ira tory  muscles via  
various neural paths. Two bundles o f e f fe re n t  nerves, known as 
phrenic nerves lead to the diaphragm. At the neuromuscular junctions  
the neural command in i t ia te s  b io e le c tr ic a l  signals in the muscle 
f ib e rs .  Except fo r  the transmission delays involved at the neuro­
muscular junction and the increase in the number o f  p a ra l le l  paths 
at the muscular l e v e l ,  the b io e le c tr ic a l  signals both at the nerve 
and muscle f ibers  can be considered to be e s s en t ia l ly  of the same 
nature. I t  i s ,  there fo re , conceivable to study the electroniyogram 
as a signal which contains the basic information in the neural com­
mand. This is an important assumption in th is  d isserta tion . A d is­
cussion on the physiological nature o f the neural a c t iv i ty  fu r th e r  
c la r i f ie s  this assumption.
3.1 Physiological Nature o f Neural A c t iv i ty
The phrenic nerves consist of nerve f ibe rs  leaving the spinal 
cord a t  the segments in the neck. There is  a s l ig h t  d iffe ren ce ,  
among species, about the segmental e x i t  o f  the phrenic nerve f ib e rs .  
In man, fo r  example, the phrenic nerves come out o f  cervical seg­
ments Cg, and Cg, whereas in the dog they leave at Cg, Cg and 
C7 . The phrenic nerves then reach the diaphragm in two bundles, 
the l e f t  phrenic nerve and the r ig h t  phrenic nerve. Landau and 
her associates [69] have reported tha t each phrenic nerve in dog
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has about 1500 myelinated fibers  and th a t  the number o f e f fe re n t  
f ib e rs  is  approximately 60% of the to ta l  number o f  f ib e rs .  The 
d is tr ib u tio n  o f  diameters of the e f fe re n t  f ib e rs  is predominantly 
unimodal with a peak between 9 and 11 microns. Most of the e f fe re n t  
f ib e rs  are motoneurons and the number o f y-motoneurons seems in s ig ­
n i f ic a n t .  The a f fe re n t  f ibers  in the phrenic nerve constitu te  feed­
back pathways. The presence of proprioceptive pathways from the 
diaphragm has not been explored. The a f fe re n t  innervation o f the 
diaphragm is supplied by the phrenic nerve, though i t  is believed  
th a t  a small amount o f innervation o f  the diaphragm may be provided 
by a ffe ren t nerves from the in tercosta l region. Ogawa, [70 ]  from 
his studies, has discarded this hypothesis. The fibers  of the phrenic 
nerve are usually divided into three groups fo r  innervation o f  ven­
t r a l ,  la te ra l  and dorsal regions of each h a l f  of the diaphragm hem­
isphere. In addition to th is  branching, each e ffe re n t f ib e r  is  
branched fu r th e r  fo r  connection to several muscle f ib e rs .  The in ­
nervation r a t io ,  i . e . ,  ra t io  of muscle f ibe rs  to nerve f ib e rs  fo r  
dogs is not a v a ila b le .  The innervation ra t io  in the ra t  diaphragm 
is about 25, about 115 in rabbit and about 83 in cat. As compared 
with the innervation r a t io  in gastrocnemious muscle (about 2000) ,  
the diaphragm has a small innervation which provides a b e t te r  
precision fo r  motor control by the neural command.
The signal transmission along the phrenic nerve is in the form 
of the propagation of t ra in  o f action potentia ls  along a number of  
nerve f ib e rs .  Two phenomena ex is t -  change in pulse rate  and
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recruitment o f nerve f ib e rs .  Adrian and Bronk [ 6] ,  in 1928, in v e s t i ­
gated the nature o f  neuromuscular command by studying small groups o f  
f ibe rs  of the phrenic nerve. They observed that in rabbits under 
normal breathing, insp ira tio n  is due to action potentials with f r e ­
quency about 20-30 pps. This frequency increases under load and the 
higher the frequency the greater is the asynchronicity of discharge 
in phrenic nerve f ib e rs .  They also considered the p o s s ib i l i ty  o f  
recruitment o f f ib e rs  under forced in s p ira t io n .  Further studies on 
the phrenic nerve by Gessell e t  a l . [7 ]  and by G il l  and Kuno [ 9 ] ,  [10 ]  
c la r i f y  the recruitment as well as the fa c t  that a progressive in ­
crease o f pulse frequency begins from the onset o f  insp ira tion  and 
terminates at the end o f insp ira tio n . In dog, under normal qu ie t  
breathing, the pulse frequency rises from 10 pps to 40 pps during 
the en tire  period o f  in sp ira tio n . Even i f  the pulse frequency was 
maintained a t  some f ixed  average value, due to external stimulus, the 
interpulse in te rv a l  in a single nerve f ib e r  can be a random variab le  
and various s t a t is t ic a l  analyses may be useful fo r  the in te rp re ta t io n  
o f such a signal [ 7 1 ] .  I f  the stimulus is  tim e-varying, then the 
pulse frequency would also be tim e-varying.
The cause o f  time-varying pulse frequency in neural command in 
respiration  has not been studied in d e ta i l  and is outside the domain 
o f  th is  d isse rta t io n . I t  is  tempting to hypothesize a pulse f r e ­
quency modulator as proposed by Jones, e t  a l .  [ 7 2 ] ,  [73] in t h e i r  
study of the photoreceptor response. In resp ira t io n , the source of 
neural command, as observed in the phrenic nerves, l ie s  in the re s p ir ­
atory centers. As pointed out e a r l ie r ,  the discharge pattern of res­
p ira to ry  center is a ra ther  complex process. There are several feed­
back paths which a f fe c t  the observable neural command in the phrenic 
nerve. They are e i th e r  of chemical or o f mechanical nature. Several 
attempts have been made to study th e ir  e f fe c t  on phrenic nerves [ 8] ,  
[ 1 1 ] - [ 1 5 ] .  Since th is  investigation  is re la te d  to the input-output 
re la tionsh ip  between neural command and tim e-varying mechanical events, 
the analysis of the source o f neural command is excluded. However, 
since the pulse frequency variations in neural f ibers  are known, an 
a lte rn a te  approach is  attempted, namely the stim ulation  of the nerve 
trunk by pulse tra in s  from a pulse frequency modulater with given 
modulating signals.
The resting membrane potentia l of the phrenic motoneuron is in  
the range o f  40-70 mv and the action potentia l o f  40-90 mv with the 
duration o f about 1.1 m sec [ 9 ] .  Such an action potentia l can best 
be measured or recorded by using microelectrode techniques on a s ingle  
axon. The recording o f  the e n t ire  nerve trunk is done by external 
metal electrodes touching the trunk. The electrodes are usually 0 .5  
cm apart and a small section o f  the nerve tru nk , with the applied 
electrodes, is surrounded by a pool of mineral o i l .  The e x tra c e l lu la r  
electrodes are away from the potential source, i . e . ,  from the f ibers  
in the nerve trunk, the i n t e r s t i t i a l  f lu id  acting as a conducting 
medium. The potentia l d ifference between the recording electrodes, 
with respect to a 'ground' electrode connected to another region o f  
the body, can then be studied using the property o f a dipole layer .
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A theore t ica l analysis of the action potentia l has been presented by 
Brown [7 4 ] .  B ipolar electrodes record b id irec tiona l (o r  biphasic or 
polyphasic) action po ten tia ls . The recorded signal has zero mean 
and the peak-to-peak amplitude is much smaller (usually  less than 
1 mV) than th a t  o f the actual action p o te n t ia l .  I f  there is  a t ra in  
of action p o ten t ia ls ,  where a random phase d ifference exists  between 
an action potentia l in one nerve and the corresponding action poten­
t i a l  in the adjacent f ib e r ,  the compound action p o te n t ia l ,  due to 
superposition o f such tra ins  in  active f ib e rs ,  exh ib its  the typ ica l  
biphasic (or polyphasic) 'no isy ' phrenic neurogram PNG.
I f  the action potential is  detected at the diaphragm, the e le c tro ­
myogram, EMG, is  essen tia lly  s im ila r  to the PNG. There are several 
factors  which may indicate differences in shapes and sizes of an EMG 
and the PNG. F i r s t ,  there is  a transmission time involved which de­
pends on the diameter of the nerve f ib e r .  I t  is generally  accepted 
th a t  the conduction v e lo c ity ,  in meters/sec, is about s ix  times the 
diameter i n y o f  the nerve f ib e rs .  Thus, the mean diameter o f  10 
micron would have the conduction v e lo c ity  of 60 meters per second. 
Considering the length o f 24 cms o f the phrenic nerve in a dog, the 
mean transport delay would be 4 msec. Since the nerve f ibers  are 
not o f the same diameter, the randomness in the phase differences  
at the nerve bundle w i l l  be a lte red  at the motor un it  'bundle '.
The second important fac to r  is  the d is tr ib u tio n  of the nerve f ibers  
to motor units in various anatomical regions of the diaphragm. The 
location of electrodes in the diaphragm constitutes the th ird  fac to r
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which determines the d ifference between an EMG and a PNG. These 
differences are v is ib le  i f  the e n t i re  phrenic nerve is  stimulated  
supramaximally by a pulse generator with constant frequency. Such 
a stim ulation removes the randomness o f pulse frequency in  the nerve 
f ib e rs ,  however, mainly due to the random d is tr ib u tio n  of transport  
delays o f nerve f ib e rs ,  there w i l l  be a random d is tr ib u t io n  o f the 
phase-angles of the pulse t ra in s .  An experiment re levant to th is  
phenomenon was conducted by stim ulating  the r ig h t phrenic trunk in 
the neck o f  the dog at a distance of about 25 cms from the diaphragm. 
The results  are shown in Figure 3 -1 . The phrenic a c t iv i t y  was picked 
up by b ip o la r  platinum electrodes in the thoracic region and the EMG 
by sewing w ire electrodes in the diaphragm. A ll electrodes were 0.5  
cm apart. The complexity in the waveshape of an electromyogram, as 
also i l lu s t r a te d  in Figure 3 -1 , may be due to the polyphasic nature 
of the superposed potentia ls  at random phase angles. Such complexity 
is noticed even in the PNG. Thus, with the exception of delays at  
the neuromuscular junction as well as other transport delays, the 
essential complex nature o f the EMG and the PNG remain unchanged.
I t  i s ,  th e re fo re ,  reasonable to assume that the electromyogram con­
tains the essentia l information carr ied  by the neural command s ignal. 
In th is  d is s e r ta t io n ,  th is  assumption has been used to focus the 
atten tion  on the electron\yogram as a representative signal of the 
neural command.
S ig n if ic a n t  features of the EMG may be represented in terms of  
two signal parameters, namely the amplitude and the in te rv a l  between
50





Figure 3-1 E le c tr ic a l  stim ulation of the phrenic nerve.
Stimulating pulses 80 pps, 2 msec width and 0 .4  volts  
amplitude fo r  supramaximal stim ulation. PNG and EMG 
amplitudes are adjusted a r b i t r a r i l y .
51
two successive zero-axis crossing points. Both may be considered 
random variab les . I f  the EMG is to be studied as a continuous random 
v a r ia b le ,  then the recording equipment must have enough bandwidth 
(0 -  500 Hz a t  leas t)  in order to avoid any loss o f s ig n if ic a n t  in ­
formation. Several attempts have been made to study the EMG.
Kendell e t  a l . [75 ]  discuss the in te rp re ta t io n  of an EMG in s t a t is ­
t ic a l  terms. They obtained peak d is t r ib u t io n  histograms by taking  
the number o f peaks f a l l in g  w ith in  a set voltage range, and made 
comparative study between normal and myopathic subjects both under 
isotonic and isometric contraction o f the muscle. The basic hypoth­
esis in such a study is that the peak amplitude is a measure of  
e le c t r ic a l  discharge and the number o f active  motor u n its .  Using 
this hypothesis, Gatev [76] proposed to obtain mean amplitude of  
a l l  peaks over a f ixed  in terva l o f  time. Dowling e t  a l . [77] also 
used histogram studies on a programmed computer. A ll  these results  
have s ig n if ic a n t  c l in ic a l  value and are empirical approaches to in ­
te rp re t  the electroinyogram. From such observations i t  is  not possi­
ble to have a q uan tita t ive  evaluation of an EMG esp ecia lly  one which 
would lead to an understanding of the re lationsh ip  between the EMG 
and the muscle dynamics. I t  has been shown that the amplitudes of 
peaks do not have a l in e a r  re la tionsh ip  with the muscle tension [7 8 ] .
A s ig n if ic a n t  q u a n tita t ive  evaluation was provided by Lippold [79] by 
demonstrating a l in e a r  re la tionsh ip  between the tension o f  the muscle, 
under isometric contraction, and the integrated EMG. This has led to 
several approaches to quantify the electronyogram and to  re la te  i t  to
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the summation o f f i r in g  motor units due to recruitment. These methods 
are discussed below; they provide the basis fo r  se lecting  a su itab le  
f i l t e r in g  technique fo r  the experimental work on neuromuscular a c t iv ­
i t y .
3.2 Q uantif ication  o f  Electromyogram
3.2 (a) In tegration  Procedure
The simplest form of an in te g ra tin g  c i r c u i t  is a R.C. low pass
f i l t e r  with t ra n s fe r  function  ̂ 4-^RCp * Since the EMG is b id ire c ­
t io n a l ,  w ith  zero mean, the in teg ra tio n  is preceded by f u l l  wave 
r e c t i f ic a t io n  of the electrornyogram. The response o f  such a f i l t e r  
depends on the choice of the time constant, RC. A large time con­
s tant, fo r  example, would reduce the bandwidth and the EMG with high 
frequency contents would produce a slow time response in f i l t e r i n g .
Bigland and Lippold [17] used a modified M i l le r  c i r c u i t .  The 
M il le r  c i r c u i t  [80 ]  is bas ica lly  an operational in tegrating  am p lif ie r  
with feedback through a capacitor. The voltage across the capacitor  
was used by Bigland and Lippold as an ideal in tegration  o f  the r e c t i ­
f ie d  EMG. The capacitor is discharged at each preset peak value by
a switching mechanism which was contro lled  by the muscle force. The 
to ta l amount o f  integrated EMG was obtained by counting the pulses 
produced a t  each moment of the automatic zeroing of the capacitor.
With operational am p lif ie rs , the construction o f such an in tegra to r  
is f a i r l y  simple and has been accepted as a suitable mode of quantify ­
ing the electromyogram [8 1 ] ,  [8 2 ] .
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Fink and Scheiner [83] used a combination of R-C f i l t e r  with a 
low gain a m p l if ie r  and a re s is t iv e  feedback. A simple scheme is 
shown in Figure 3 -2 (c ) .  Such an in teg ra to r  is normally used with a 
balanced a m p lif ie r .  I t  makes i t  possible to adjust the decay time 
to a very large amount. Furthermore, the balance control also f a c i l ­
i ta tes  se lection  o f any a rb itra ry  base l in e  to cancel out background 
noise such as those which may be present between successive bursts 
of EMG in the resp iratory  muscle.
I f  any of these in tegration  techniques are to be used in record­
ing the EMG of a respiratory muscle, the almost-periodic burst of 
e le c tr ic a l  a c t iv i t y  is an important feature . I t  has been pointed 
out e a r l i e r  tha t there exists a one-to-one correspondence between 
phrenic nerve discharge and the discharge o f  the diaphragm. Under 
quiet breathing, the phase o f  the EMG burst coincides with the in ­
spiratory phase. Some a c t iv i ty  may pers is t  during exp ira tio n  also 
and the general nature may be a lte red  during forced e f fo r ts  [3 1 ] .
In order to  have a q uan tita t ive  evaluation of the EMG with known 
variables in  re s p ira t io n , the choice o f qu an tif ica tio n  o f  the EMG 
depends on the quan tif ica tion  procedure accepted fo r  a selected  
variab le . I f ,  fo r  example, minute v e n t i la t io n  is considered to be 
the var iab le  under study, the to ta l  e le c t r ic a l  a c t i v i t y ,  by in te ­
gration procedure, over a period o f one minute w i l l  be a desirable  
qu a n tif ica tio n  procedure. In order to  have a comparitive study with 
t id a l  volume in each breath, the height o f the in tegrated EMG during 
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th e ir  observations confirm the l in e a r  re la tionsh ip  between the in te ­
grated PNG and the integrated EMG which is not a ffected by the loca­
tion  o f  the recording electrodes in the diaphragm. During obstructed 
breathing, while the t id a l  volume f a l l s ,  the EMG shows an increase, 
thus emphasizing the study o f  neural command as an important output 
variab le  -  and not the t id a l  volume or the minute v e n t i la t io n .  This 
observation fu r th e r  c la r i f ie s  the ro le  of the in te rn a l dynamics of the 
co n tro l le r  and leads to the study o f  neuromuscular subblock.
In human subjects, the best way to record the electromyogram of 
the diaphragm is  by locating b ip o la r  electrodes (on a polyethylene  
tube) in the esophagus in the section where i t  crosses the diaphragm. 
Even though the balancing can reduce the net e f fe c t  o f noise while  
recording an EMG in th is  region, the presence of high amplitude 
cardiac spikes can be rather d is turb ing . Lourenco and M ueller [85]
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used a diode-voltage clamping c i r c u i t  to reduce the height o f the 
cardiac spikes; thus reducing the contribution of such spikes to the 
in tegrated EMG. The system was improved [86] fo r  fu r th e r  reduction  
of the cardiac pulses which coincide with the EMG. The technique 
involves f i l t e r i n g  the EMG, v ia  a p a ra l le l  path, and then using the 
subtraction o f  the clipped cardiac spikes from the signal containing  
the EMG and s im ila r  cardiac pulses.
The s ignificance of e lec tro n ic  in tegration  o f  an EMG, in a com­
parative study with selected variables in resp ira tion  is  thus c lear.  
Both as an empirical tool and as a variab le  involved in the dynamics 
of the neuromuscular system, several other q u a n tif ica t io n  procedures
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have been t r ie d .  Their se lec tion  depends on the h ierarch i o f  model­
ing and leve l o f  signal analysis accepted fo r  th a t  model. Some of 
these methods have been attempted in  the present study and are dis­
cussed below.
3.2 (b) Stochastic Process. The electromyogram, as well as the 
electroencephalograms, have been studied as stochastic processes.
The investigations include techniques such as autocorrelation and 
cross-corre la t ion  analysis and ensemble averaging. The randomness 
has been explained in terms o f  superposition o f several pulse tra ins  
[7 1 ] .  In the study o f b io e le c tr ic a l  process, emphasis on such an 
analysis was placed on records o f electroencephalogram [8 7 ] - [9 1 ] .
This approach has also been extended to the study o f an electromyo­
gram [ 9 2 ] ,  [9 3 ] .
Many b io e le c t r ic  s igna ls , including the EMG in resp ira tory  
muscles, f a l l  in to  the category o f  non-stationary data. The auto- 
and cross-corre la t ion  studies in non-stationary data are possible 
in neural signals [9 4 ] ,  [ 9 5 ] .  Ensemble averaging is  usually con­
sidered more appropriate in analyzing non-stationary data [9 6 ] .  
Several special purpose computers, l ik e  Enhencetron, are ava ilab le  
fo r  such study. Ensemble averaging was also used in  the analysis 
of an EEG [8 7 ] ,  and resulted in  the average evoked response. Several 
traces of the EEG resu lt ing  (evoked) from some applied stimulus such 
as an auditory c l ic k  or l ig h t  f lash were studied. The application  
of a stimulus served as the synchronizing tim e-signal from which 
the response would be averaged. The basic assumption in such an
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averaging is the add it ive  mixture of signal component S^(t)  and in ­
dependent noise component n ^ t )  producing the non-stationary s igna l,  
i . e . ,  f . ( t )  = S.j(t) + N .j(t)  where f ^ ( t )  represents the i th  functions 
in  an ensemble of non-stationary signals. Furthermore, i f  the noise 
component has an ensemble average o f  zero, then the ensemble average 
obtained as
i  N
Z ( t )  = TT 2 L  f ,* ( t )  
n i= l  1
tends to e lim inate the noise and recover the s igna l.
In the present work, the ensemble average o f  the EMG of the 
diaphragm is studied to d istinguish the presence of noise in various 
measured variables such as the flow , pressure and a f i l t e r e d  version 
of r e c t i f ie d  EMG. In natural breathing some c r i te r ia n  fo r  the time- 
reference has to be established. On the basis o f  physiological e v i ­
dence [ 3 1 ] , [ 8 4 ] ,  i t  is  reasonable to assume th a t  the onset o f  the 
EMG has a f ixed phase re la tionsh ip  with mechanical events in resp ir­
a t io n . I t  is ,  th e re fo re ,  possible to generate a pulse which as a 
f ixe d  phase difference with the variables such as f low , pressure, and 
EMG and then proceed with the ensemble averaging over number of breaths 
under steady state conditions. For th is  purpose, the flow signal was 
considered ideal fo r  generating the required synchronizing pulse at  
the onset o f in s p ira t io n .
A simple schematic fo r  such a pulse generator is shown in Figure 
3 - 3 ( a ) . The c i rc u i t  contains a saturating operational am p lif ie r ,  a 









1 (a) Trigger Pulse Generator
CbJ
3.3  Schematic for signal transfer and recording procedure.
(a) Shows the c i r c u i t  used fo r  generation of t r ig g e r  pulse 
from flow signals
(b) Shows experimental setup with typ ica l records under 
natural resp ira t io n  of a dog
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pulses and d .c . re s to ra t io n ),  a l l  connected in cascade. The flow 
s ig n a l ,  as recorded by a phemotechograph and trausducer and amplified
:k
by a balanced am p lif ie r  is  the input to the t r ig g e r  pulse generator. 
The potentiometer p, (Figure 3 - 3 ( a ) ) ,  is used f o r  adjusting a d.c. 
s h i f t  to  se lec t the location o f generated pulse w ith  respect to the 
onset o f  in s p ira t io n . This is  sometimes necessary in order to avoid 
the generation of a pulse due to zero-axis crossing of noise compon­
ents in the flow signal. Such a scheme causes a lag in the tr igger  
pulse and i f  th is  pulse were to be used as a t r ig g e r  fo r  the averag­
ing computer, the section o f  EMG occuring s l ig h t ly  before the pulse 
is ignored. Since a l l  data are recorded on an eight-channel FM-tape 
recorder, the pulse can be recorded in 'advance' by interchanging the 
record and playback heads o f  the channel selected during recording 
mode. Since the record and playback heads have a f ixe d  separation 
of 10cm ( in  Sanborn Tape Recorder), the advance of recorded pulse 
depends on the tape speed.
The electromyogram was averaged by re c t ify in g  and f i l t e r i n g .
This f i l t e r i n g  technique is discussed la te r  in Section 3 -2 (d ) . I t  
is assumed th a t  th is  f i l t e r e d  version of the EMG contains noise and 
the tru e  signal which could have s ig n if ic a n t  re la t io n  to pressure 
and flow variab les . All data were f i r s t  recorded, under steady state  
condition with inspired a i r  containing 5%, C02 , 3% C02 , and room 
a i r .  More than 500 breaths were recorded and the to ta l  time fo r  
500 breaths was recorded by stopwatch. The average time per breath 
varies from 1.5 seconds in room a i r  to 1 second in 5% C02 breathing.
*A summary of the experimental procedure appears in Appendix A.
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This time period helps the selection  of dwell time (sweep time) fo r  
the Enhencetron averaging computer. Since the e le c t r ic a l  a c t iv i ty  
occurs mainly during in s p ira t io n ,  a dwell time of 1 second was chosen 
fo r  averaging. The input to the Enhencetron are the t r ig g e r  pulse, 
to i n i t i a t e  the sweep, and the selected channel output to be averaged.
Figure 3-4 shows the average of 50 breaths under three d i f fe re n t  
conditions. The results reveal a s ig n if ic a n t  noise reduction in the 
EMG. The 'noise' content in the flow and the transdiaphregmatic 
pressures do not seem to be present in the data of ind iv idual breath. 
Without going in to  d e ta i ls ,  one more visual observation should be 
mentioned. This is the re la t iv e  change in amplitude in a l l  signals 
when external disturbance (changes in CO2 breathing) levels  are 
a lte re d . This observation is not s u f f ic ie n t  to conclude a l in e a r  re ­
la tionsh ip  between the EMG, pressure and the flow. A b e t te r  under­
standing of the l in e a r i ty  (o r  n o n lin ea r ity )  could be obtained by 
stim ulating  the phrenic nerve by pulse frequency modulated signals  
with step or sinusoidal envelope.
The pulse tra ins  were generated by an integral pulse frequency 
modulator s im ila r  to one described by Meyer [9 7 ] .  A simple c i r c u i t  
fo r  th is  is shown in Figure 3 -5 (a ) .  The bias level adjusts the rate  
of pulse generated by square wave or sinusoidal modulation. Figure 
3-5(b) shows the response o f the animal when the cerv ica l phrenic 
nerve was stimulated by square wave modulating signal (0 .5  cycles/  
sec) with pulse frequency o f 30 pps and 50 pps. For sinewave stim­
u la tion  with modulating frequency o f  1Hz the bias adjustment was
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Figure 3 .4  Respiratory data and th e ir  ensemble average. Upper records under 
three d i f fe r e n t  conditions (steady state CO2 response). Lower 
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Figure 3 .5  Ensemble of the EMG as a response to a r t i f i c i a l  stim ulation  
of the phrenic nerve with PFM. (a) Shows pulse frequency 
modulator used, (b) Represents typical responses with square 
wave and sinusoidal modulating signals, (c) Average over 50 
periods of f u l l  sine wave, and (d) Over 50 periods with ha lf  
wave modulation.
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used to produce fullwave and halfwave pulse frequency modulation 
(10 < pps < 50). Figure 3 - 5 ( c) shows the ensemble average o f  EMGs 
during 50 breaths due to stim ulation  of the phrenic nerve by sinu­
so id a lly  modulated pulse t ra in s .  These results  shall be discussed 
when the model o f the subsystem under consideration is proposed.
A s ig n if ic a n t  feature  o f  ensemble averaging is the e lim ination  
of cardiac spikes due to the asynchronicity o f cardiac spikes with 
respect to the breathing cycle. This has been possible because of  
the f ixed  phase re la tionsh ip  between the onset o f  each event in each 
resp ira to ry  cycle. The method alone is not enough to lead to any 
model proposal. The experimental resu lt  obtained when the phrenic 
nerve was supramaximally stim ulated by square-wave modulated pulse 
t ra in s  does not show s ig n if ic a n t  changes in the pressure and flow 
var iab le  when pulse rate  was changed from 30 pps to 50 pps thus con­
f irm ing  the hypothesis th a t  muscle dynamics depend on other factors  
such as recruitment o f f ib e rs  in the insp ira to ry  phase. Moore [98]  
has investigated the nonlinear re la t io n  between the rms value of the 
EMG and the number of f ib e rs  recru ited  with random d is tr ib u t io n  of 
phase angles o f pulse t ra in s .  Person and Libkind [9 9 ] - [1 0 1 ]  also 
investigated a stochastic model by adding randomness in interspike  
in te rv a ls  and formulated a nonlinear re la t io n ,  depending on a synchron- 
i c i t y  o f superposed pulse t ra in s ,  between in tegrated  EMG and the number 
of recru ited  f ib e rs .  The major d i f f i c u l t y  is  due to temporal va r ia ­
tions in  pulse frequency and the temporal v a r ia t io n  in the re c ru i t ­
ment o f  f ib e rs .
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3.2 (c) Spectral Analysis . The investigation  of spectral analy­
s is  of the EMG is another possible approach to be used. I ts  c l in ic a l  
value l ie s  in the fa c t  th a t  pathalogical conditions can a l te r  the 
spectrum o f  an EMG [1 0 2 ] - [1 0 5 ] .  A n a ly t ic a l ly ,  the autocorrelation  
and power spectrum density fo r  a stationary random process can be 
obtained with no d i f f i c u l t y .  Kwatny e t  a l . [106] used this approach 
by f i r s t  confirming the s ta t io n a r i ty  of an EMG of the f lexo r  00,11 ic is  
brevis and the extensor digitorum with sustained contraction and with  
fa t ig u e .  No such study has been reported fo r  the EMG of the diaphragm. 
In sp ite  o f  the d i f f i c u l t y  o f re la t in g  the spectrum to the output v a r i ­
ables of a muscle, the spectrum analysis of the EMG may s t i l l  provide 
empirical data fo r  c l in ic a l  use.
The l im ita t io n  is  due to the fundamental property of the muscle 
dynamics which e ss en t ia l ly  acts l ik e  a low-pass f i l t e r i n g  signal re ­
covery device. The information transmitted to the muscle is a super­
position o f  several neural pulse t ra in s .  The spectrum analysis o f  
the EMG could then be l im ite d  to the basic concept o f  superposition 
(o r  recruitment) of several p a ra l le l  information channels each of  
which exh ib its  a pulse frequency modulated s ig n a l.  Bayly [107] 
investigated the spectral analysis of neural pulse tra ins  with th is  
basic concept. He used the model o f IPFM with sinusoidal modulating 
signal and a constant d .c . le v e l .  The constant level determines the 
c a r r ie r  frequency o f pulse tra ins  and the sinusoidal modulating 
signal establishes the frequency modulated pulse t ra in s .  The spectrum 
then is  re lated  to the c a r r ie r  frequency,modulating frequency and
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modulation depth. The modulation frequency appears in the spectrum 
without any harmonics. I f  the modulation frequency is the primary 
signal to be recovered, then a simple low pass f i l t e r  should be suf­
f ic ie n t  fo r  th is  recovery. The ske le ta l muscle is assumed to  possess 
such a property and perform i ts  function l ik e  a simple demodulation. 
Bayly points out how the recruitment process improves the s ig n a l- to -  
noise ra t io .  Spectral analysis, such as th is ,  has serious l im i ta ­
tions when applied to  the resp ira tory  system which are re la ted  to  
the physiological nature of phrenic nerve a c t iv i ty  and about which 
several points have been made previously. The modulating signal is  
not a sinusoidal signal and the number of p a ra l le l  channels involved, 
known as recruitm ent, is  also t im e -va r ian t .  The experimentally ob­
served pulses in  a single nerve f ib e r  are also not ideal rectangular  
pulses (as assumed in Bayly's model). Moreover, the presence o f  
cardiac spikes introduces an e rro r  in  the spectral ana lys is . In the 
phrenic nerve and the diaphragm EMG signals there are s i le n t  periods 
during exp ira t io n ; there fore , the concept o f  c a rr ie r  frequency oper­
ating at a l l  times cannot be extended to th is  case. Even i f  sinusoidal 
modulation were accepted, one would have to consider 'over-modulation' 
to account fo r  the s i le n t  zone representing exp ira tion . These l im i ta ­
t ion s , then, leave the spectral analysis o f  an EMG of the diaphragm 
in the zone o f empirical study with which some c l in ic a l  co rre la t ion  
could be established in pathalogical cases. I t  is f o r  th is  purpose 
tha t the spectral analysis of the EMG was investigated.
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Figure 3 .6 .  Spectral analysis of the EMG of the diaphragm of a natural 
breathing dog. Section A represents spectrum due to the 
EMG corresponding to  the window shown in top trace .
Section B shows spectral contribution due to noise 
section related to  window. [The purpose o f window is 
explained in Appendix B ] .
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Experiments were done in  which the EMG of the diaphragm was 
recorded on an F-M tape. Since the EMG burst, under steady state  
conditions is almost p er io d ic , a portion of the tape o f a length 
corresponding to the resp ira to ry  period, was selected and made into  
a loop. The loop replays a periodic EMG waveform whose spectrum 
was then analyzed on a Tektronix Tape 3LS spectrum analyzer plugged 
in to  Type 564B Storage Scope. A special technique was used to  
avoid the contribution o f  the spectrum due to cardiac spikes which 
are superposed with the recorded EMG. This technique and other 
experimental procedures appear in Appendix B.
A typ ica l resu lt  o f  the EMG spectrum obtained from an anasthete- 
sized dog breathing room a i r ,  appears in Figure 3 -6 . The major con­
t r ib u t io n  to spectral l ines  is  due to the EMG alone. This is clear  
by comparing the results shown in Figure 3-6(A) and (B ) ,  where the 
lower trace shows the contribution due to noise alone. The peak of 
the upper tra ce , due to EMG, is a t about 110Hz. This f ind ing  is 
representative o f the observations obtained on seven dogs. I t  should 
be noted th a t  the spectrum analyzer used in th is  experiment displays 
the amplitude o f the various frequency contents o f the input signal 
while ignoring the phase angles with each frequency. At th is  stage, 
th e re fo re ,  the presence o f  a dominant peak at about 110Hz, cannot 
be in te rp re ted  a n a ly t ic a l ly .
3 .2  (d) Method o f F i l t e r i n g . The three methods of q uan tif ica ­
t ion  o f  the EMG, as discussed above, have th e i r  l im ita t io n s .  The 
major decision to select a q u a n tif ic a t io n  technique should depend on
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the purpose of such a q u a n tif ica t io n .
With respect to  the objectives of the present in ves tig a t io n ,  
the EMG of the diaphragm as well as the neural command in the phrenic 
nerve can be considered only as a complex signals containing some 
information which the muscle has to recover. The recovery o f  the 
signal generates the mechanical response of the muscle. This response 
is a function of time and in resp iratory  response, th is  may be meas­
ured e i th e r  as tension or as transdiaphragmatic pressures. Both 
these variables are functions of time and are almost period ic  in 
steady-state conditions. The muscular response o f ac t iva t io n  and 
re laxation  is re la ted  temporally to the onset and termination of  
e le c t r ic a l  a c t iv i t y  respective ly . I t  i s ,  therefore , necessary to 
select a mode of q u a n tif ica tio n  o f the EMG which allows study of 
the temporal correspondence between the EMG and the mechanical 
events in resp ira t io n . Since the muscle, acting l ik e  a low-pass 
f i l t e r ,  ignores the high frequency contents of the EMG,a possible  
method o f quantify ing  the EMG is by a process o f low-pass f i l t e r i n g  
and averaging. The in tegra tion  o f the r e c t i f ie d  EMG, as discussed 
in Section 3 -2 (a ) f a l l s  in th is  category. The choice o f  in te g ra t io n ­
time is a s ig n if ic a n t  parameter. I f  th is  time is made la rg e , by 
having a large RC-time constant, as well as an in f in i t e  decay time, 
the dynamics of the EMG signals are also lo s t .  Gottlieb and Agarwal 
[108] have used a f i l t e r i n g  technique which has lower time constant 
and provides a running average of the r e c t i f ie d  EMG.
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I t  was f e l t  that such a f i l t e r  should be the sa t is fac to ry  tech­
nique o f  quantifying the EMG. The ch ie f advantages are the mainten­
ance o f  signal dynamics as well as the time o f  ac t iva t io n  and re la x ­
ation o f  the muscle a c t iv i t y .
The f i l t e r  used is shown in Figure 3-7 with i t s  performance in 
experimental conditions.
The tra n s fe r  function o f  the f i l t e r  can then be w rit ten  as:
The idea lized  impulse response and the frequency response of 
th is  f i l t e r  are shown in Figure 3-7(b) and (c) respective ly . The
where T = 2ttRC represents the t im e-in te rva l fo r  the moving average. 
The f i l t e r  was b u i l t  by using R = 300 kilohms and C = 0.0265 y f  
in order to have the averaging time in te rva l o f  approximately T =
50 msec. The actual values of R and C in the networks were selected  
by close approximation to standard components.
(1 + 2Rcp)(l + 1.2 Rep + 1.6 R2C2p2)
cu to ff  frequency is at u = ^  and i ts  approximate input -  output 
re la t io n  is given by:
t -T
I t  may be pointed out th a t  the impulse response of the th ird  
order moving-average f i l t e r  has some s im i la r i ty  with the character­
i s t i c  twitch response o f  a muscle. The twitch represents a quick
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Figure 3-7 Averaging f i l t e r  used fo r  the EMG.
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r ise  o f tension followed by a slower recovery during re laxa t io n .
The to ta l  time period, in ske le ta l muscles, may be somewhere between 
30 msec to 185 msec. I f  successive s tim uli are applied to the muscle, 
the tension responses can fuse to produce a tetanus in the muscle.
The actual strength o f the tetanus or the smoothness in fusion de­
pends on the frequency of pulses used fo r  s tim ulation .
Figure 3-7(d) shows the response o f the f i l t e r  to a PFM s igna l.  
The phenomenon of recruitment and the randomness in f i r in g  in the 
actual muscle response would make i t  d i f f i c u l t  to  establish the 
s im i la r i ty  o f the f i l t e r  response and the muscle response to the 
same signal. I t  is  reasonable to assume th a t  the recruitment phe­
nomenon in muscle f ib e rs  would produce a tension response due to  
l in e a r  superposition o f the responses in a l l  f ib e rs .  With th is  
assumption, the f i l t e r e d  version of the EMG represents a variab le  
re la ted  to the contraction o f the muscle. The input to the f i l t e r  
is a re c t i f ie d  EMG as recorded by b ipo lar  electrodes whereas the 
input to the muscle is a t ra in  o f  action potentia ls  in a l l  active  
muscle f ib e rs .  Furthermore, the tra n s fe r  function of the f i l t e r  
may not be the same as th a t  o f the muscle. Therefore, t h e i r  re ­
sponse to exactly  the same input is not to be expected.
I t  may be concluded th a t  the m oving-average-fi lter  does provide 
a s ig n if ic a n t  tool with which the EMG-tension re lationship  in the 
diaphragm could be explored.
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4. DYNAMIC RELATIONSHIP BETWEEN NEUROMUSCULAR 
ACTIVITY AND RESPIRATORY MECHANICS
Several experiments, described in Appendix A, were conducted 
on anasthetized dogs under various environmental conditions. The 
following variables were considered:
( i )  Phrenic nerve a c t iv i ty  and i t s  envelope, obtained by feed­
ing the s ig n a l ,  picked up by b ipo la r  platinum wire e lectrodes, through 
a fu ll-wave r e c t i f i e r  and a moving average f i l t e r .
( i i )  The electromyogram (EMG) from the diaphragm and i ts  en­
velope, obtained by feeding the s ig n a l ,  picked up by w ire electrodes 
(su rg ica l ly  inserted in the diaphragm), through a fu ll-w ave r e c t i f i e r  
and a moving average f i l t e r .
( i i i )  Transpulmonary pressure, obtained by a d i f f e r e n t ia l  pres­
sure transducer from an esophageal balloon and a pressure probe in 
the mouth. In some cases, transdiaphragmatic pressure was also ob­
tained by a d i f f e r e n t ia l  pressure transducer, from an esophageal 
balloon and e i th e r  an abdominal probe or a gastric  pressure probe 
using appropriate correcting fac tors .
( iv )  A ir - f lo w  obtained from a d i f fe r e n t ia l  pressure transducer 
with the pneumotachograph attached to the tracheal tube; volume ob­
tained by in te g ra t in g  the a i r - f lo w  s ignal.
The fo llow ing type o f tests were performed:
(1) Natural Breathing: The animal was kept in an environment 
with e i th e r  room a i r  or with certa in  known CO2 contents in the in ­
spired a i r .  In a l l  cases, only the steady-state response was studied.
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(2) External Stimulation: The phrenic nerve was stim ulated,
using b ip o la r  platinum electrodes, by e i th e r  squarewave modulated 
pulse t ra in s  or by s inusoidally  pulse-frequency modulated s ignals .
4.1 Mechanics o f  the Diaphragm
The mammalian skeletal muscle can be regarded as an e le c t ro ­
mechanical transducer. The input to the muscle is the neuroelectrical  
command signal and i ts  output can be measured as fo rce , change in 
length (due to  con traction ), or ra te  of change of length , i . e . ,  the 
ve loc ity  o f  contraction. Pioneering work, leading to a mechanical 
analog o f a muscle, was done by A. V. H i l l  [110]. H i l l ,  in 1922, 
had proposed th a t  the muscle, as a mechanical system, consists of  
an e la s t ic  element in series w ith a co n trac t i le  component. Another 
e la s t ic  element is  assumed to function in  p a ra lle l  w ith  the con trac ti le  
component. Later developments [1 1 1 ] ,  [112] suggest a v isco e las tic  
element in  p a ra l le l  with the c o n tra c t i le  element. A recent approach 
[113 ] ,  represents the muscle mechanics in terms of a nonlinear e las ­
t ic  element in series with c o n tra c t i le  element and both in  p a ra l le l  
to another nonlinear e la s t ic  element. The parameters depend on 
muscle length and/or ve loc ity  o f  contraction (or extens ion). Further­
more, t h e i r  values depend on the type o f  muscle and i t s  load and may 
vary between species. Such a study in the diaphragm is  not included 
in the present investiga tion .
Since the diaphragm is a ske le ta l muscle, some c h a ra c te r is t ic  
features o f  such muscle models may be pointed out. The contraction  
process begins with the a r r iv a l  o f  the neural command and the exc ita ­
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tion of the c o n tra c t i le  component. Due to the exc ita t ion  the con­
t r a c t i l e  componenet goes into 'a c t iv e  s ta te '  and functions as a force 
generator. Muscle contraction occurs slowly due to greater 's t i f fn e s s '  
of the series e la s t ic  component. I f  the length is kept constant, then 
the response can be measured as isometric tension generated in the 
whole muscle. Increase in pulse ra te  o f  the command signal increases 
the tension resu lt in g  in a fam ily  o f curves resu lt  as shown in Figure 
4 - l ( a ) .  The ve lo c ity  of contraction can be studied by reducing the 
external load ( i . e . ,  making i t  less than maximum tension needed fo r  
isometric contraction) resulting  in a fam ily  of curves as shown in 
Figure 4 -1 (b) .  These curves obey the basic re la tionsh ip  described 
by H i l l ' s  equation (T + a) (L + b) = (T + a)b where T is the 
force at zero ve lo c ity  and a and b are constants with demensions 
of force and ve lo c ity  respective ly . With the help of physiological 
data a simple model has been proposed by l in e a r iz in g  the fam ily  of  
curves about an operating point [114 ] .
A s ig n if ic a n t  fe a tu re ,  re la ted  to the ro le  of neuromuscular 
command, shall now be discussed. The increase in contraction is  
re lated to increase in pulse ra te  as well as the recruitment of 
motor u n its . Bigland and Lippold [1 7 ] ,  while studying the human 
hand muscles concluded that the gradation o f muscular contraction  
was mainly due to recruitment o f  motor un its . Furthermore, they 
also established the interdependence between force o f contraction, 
velocity  o f  change in  length and the integrated e le c t r ic a l  a c t iv i t y  
in the muscle during ac tiva tion . Bigland and Lippold have observed
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a l in e a r  re la t io n s h ip  between the in tegrated EMG and the muscle force. 
I f  the increase in EMG is due to recruitm ent, then one should expect 
some nonlinear re la tionsh ip  between averaged r e c t i f ie d  EMG and the 
number o f f ib e rs  recru ited  [9 8 ] - [1 0 0 ] .  The l in e a r i t y  as observed by 
Bigland and Lippold may then be explained by progressive synchronicity  
in recruitment [100 ] .  The EMG, then, carries an important information  
whose functional re la tionsh ip  with the mechanical output o f  the muscle 
could be established by getting  measurable variable  in functioning  
muscle in human or animal body. G ott lieb  and Agarwal have used th is  
approach to model the neuromuscular dynamics of the human solens 
muscle under voluntary isometric foot torque [1 1 5 ] - [1 1 7 ] .
An inves tiga t ion  of the neuromuscular dynamics o f the diaphragm 
considering tension length or curvature changes under stim ulation  
would be des irab le . However, these variables are , a t  present, very 
d i f f i c u l t  to  measure. Even i f  t h e i r  measurement were possib le , th e ir  
e f fe c t  on resp ira to ry  mechanics would remain unexplored. In order 
to  avoid the complexity of measurements o f the above variables re ­
la t in g  the c o n tra c t i le  mechanism of the diaphragm to the mechanical 
events in re s p ira t io n ,  i t  was decided tha t the modeling approach 
must rest w ith  observable variables in the diaphragm under natural 
conditions or under a r t i f i c i a l  s tim ulation  o f the phrenic nerve.
The correspondence between the phrenic neurogram (PNG), and 
the electron\yogram (EMG), was f i r s t  established by recording both 
of these variables in an anasthetized dog. The neural command was
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a lte red  by steady-state response o f the animal under various C02 
concentration in the inspired  a i r .  A typ ica l resu lt  is shown in  
Figure 4-2 which shows the ramp-like nature o f  both the neurogram 
and the electromyogram (both were r e c t i f ie d  and f i l t e r e d  by a mov­
ing averager). The re s u lt  c le a r ly  indicates a visual s im i la r i ty  
between the PNG and the EMG and supports s im ila r  results  by Lourenco
5
et a l . [84 ]  though t h e i r  own results  were obtained by d i f fe re n t  
techniques. Any conclusion regarding the EMG under d i f fe re n t  C02 
breath ing, is  not intended from the results  shown in Figure 4 -2 .  
However, a q u a n tita t ive  re la tionsh ip  between the variables may be 
possible by using long-time averaging o f the s ignals .
Figure 4 -3 (a ) shows the re la t io n  between EMG and esophageal 
pressure fo r  three d i f fe re n t  C02 concentrations. The esophageal 
pressure was measured by esophageal balloon technique. A c tu a lly ,  
the c o n tra c t i le  mechanism of the diaphragm is  more re la ted  to the 
transdiaphragmatic pressure than to the esophageal pressure. The 
l a t t e r  was obtained by connecting the esophageal balloon to one 
side o f a d i f f e r e n t ia l  pressure transducer the otherside of which 
was connected to an abdominal probe. The re la t io n  between EMG and 
transdiaphragmatic pressure thus obtained is  shown in Figure 4 -3 (b ) .
Before a model could be proposed, the l in e a r i t y  of the response 
should be investigated from both measurements and physiological 
data. An in d ire c t  approach to establish l in e a r  re la tionsh ip  between 
the EMG and the pressure is ava ilab le  from the investigations by
Figure 4-2 EMG, PNG, and t h e i r  f i l t e r e d  versions (E and Ep) 
under d i f fe re n t  C02 breathing. The amplitudes 











































































































Lourenco e t  a l . [ 8 4 ] ,  i f  the pressure changes are l in e a r ly  re la ted
3
to changes in the t id a l  volume. This l in e a r i t y  is supported, a t  
least over a certa in  range around the resting  volume in  normal 
breathing, by the findings of Agostoni and Rahn [18 ] .  In ske le ta l  
muscles a lso , a l in e a r  re lationship  between EMG and muscle tension 
has been reported [8 2 ] ,  [116]. I f  such a l in e a r i ty  ex is ts  fo r  the 
diaphragm, then a l in e a r  -  f i r s t  or second order model -  may be 
postulated and v e r i f ie d  experimentally by step-response measure­
ments on the muscle from electrophrenic stim ulation.
Such experiments were conducted in several dogs by e le c t ro -  
phrenic s tim ulation  in  the cervical region, using pulse rates o f 20 
pps and 50 pps. The stimulation being supramaximal elim inates re ­
cruitment and probably causes maximum diaphragmatic contraction ,  
thus showing p ra c t ic a l ly  no d ifference in transdiaphragmatic pres­
sure when the stim ulation was increased from 20 pps to 50 pps. The 
resu lts , as shown in Figure 4 -4 , do suggest a f i r s t  order l in e a r  
transfer function between EMG and transdiaphragmatic pressure a t  
least during the in i t ia t io n  of ac t ive  s ta te .
There are considerable physiological data ava ilab le  fo r  the 
contrac ti le  mechanism of the diaphragm in mammals. Sant'Ambrogio 
and Saibene [2 7 ] ,  using electrophrenic stimulation (100 pps) with  
closed airways, have recorded intrapulmonary pressure. The condi­
t io n ,  resembling an isometric contraction though the deformation of  





















































































































they found the contraction tim e, to step response, o f about 64.7  
msec. E a r l ie r  (1968), Mognoni e t  a l . [30] reported the h a lf -t im e  
o f  pressure swing in dogs during te ta n ic  s t im u la t io n , to about 61.9  
msec. They found s im ila r  resu lts  in  human subjects also. They a l ­
so reported th a t  during maximum and quickest in sp ira to ry  and exp ira­
tory e f fo r ts  by man, the esophageal pressure, Pes, and the gastric  
pressure, Pg, increase exponentia lly . The transdiaphragmatic pres­
sure, which can be approximately represented as the d ifference be­
tween Pes and Pg, cannot be a s ingle  exponential. However, an ex­
ponential r is e  in the transdiaphragmatic pressure is  possible only 
i f  i t  is  assumed to be s im ila r  to  the esophageal pressure. This is 
a reasonable assumption under normal qu iet breathing.
These observations lead to a simple f i r s t  order t ra n s fe r  func-
i/
t io n ,  between E and T, of the type y - r — -  where the time con-
i *»• T P
stant t was estimated to be about 0.1 sec. Here E represents the 
f i l t e r e d  version o f r e c t i f ie d  EMG and T represents the muscle tension. 
Normally such a tension should be measurable in ske le ta l muscles as 
a force in Kg/cm. I f  such a measurement is d i f f i c u l t ,  as in the 
case o f  the diaphragm, some c r i te r io n  must be established to tre a t  
pressure (e i th e r  transdiaphragmatic or esophageal) as a measure of 
the tension. This shall be developed in the next section.
The t ra n s fe r  function mentioned above has one more l im ita t io n .
I t  is  v a l id  during e x c ita t io n  o f the diaphragm only.The square wave 
pressure response, as shown in  Figure 4 -4 ,  exh ib its  a quicker re laxa­
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t ion  upon cessation of the e le c t r ic a l  a c t iv i t y .  This quick recovery, 
during re laxa t io n , requires a m odification in the tra n s fe r  function. 
Such a m odification represents a no n lin ea r ity .  S im ila r  no n lin earit ies  
have been reported by Partridge [118] who studied the muscle response 
to s inuso ida lly  modulated pulse t ra in s .  The nature o f  such a non- 
l in e a r i t y  shall be discussed l a t e r  though a c lear  physiological ex­
planation does not seem to  be possible at present. The s ig n if ic a n t  
feature  in the respiratory  muscle is  a sudden cessation o f  the a c t iv ­
i t y  which f a c i l i t a t e s  the dynamics in two stages seperately . Such a 
seperation should y ie ld  a t ra n s fe r  function during active sta te  of  
the muscle and the other one during i t s  re laxatio n . This may s t i l l  
leave the sinusoidal response without a sa t is fac to ry  explanation.
In th a t  case, the closest approximation should re la te  the reduction 
of pulse ra te  to a 'p a r t ia l - r e la x a t io n 1. Another p o s s ib i l i ty  is  to 
introduce two l im i te r  type o f n on linearit ies  [117].
The lack o f  physiological 'meaning' o f these no n lin earit ies  
suggested th a t  the present work should consider a very simple l in e a r  
model. On the basis of the step response data, as shown in  Figure 
4 -4 ,  the r is e  o f  pressure is almost exponential w ith a time constant 
of approximately 0.1 second which is  somewhat la rg e r  than 0.0647 
second as reported by Sant'Ambrogio and Saibene [2 7 ] .  Nevertheless, 
the results  o f  a computer simulation with th is  time constant compare 
very well with the experimental data. I t  is assumed that th is  simple 
model, as shown in Figure 4-5  does not d i f fe re n t ia te  re laxation  time
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constant from that of the active  s ta te .  As pointed out e a r l ie r ,  
such a d is t in c t io n  between the re laxation  dynamics and the active  
sta te  dynamics is l im ited  because o f  the lack o f  any v isco -e las t ic  
model o f  the diaphragm.
I f  the behavior o f the diaphragm is assumed to be representa­
t iv e  o f  the ske le ta l muscle, then one might assume the re laxation  
to be much fa s te r  than contraction. I t  may be reasonable to assume 
the re laxa t io n  time constant to be 0.02 second compared with the 
time constant of 0.1 second fo r  the active s ta te .  Seperation of 
the 'ac t ive  s t a t e 1 and the 're laxa tio n  s ta te '  in a muscle is rather  
d i f f i c u l t .  I f  the muscle is  regarded as an electromechanical trans­
ducer, i t s  physiological input is represented by the electromyogram. 
The onset o f th is  a c t iv i t y  may be regarded as the onset of the 
'a c t iv e  s ta te '  of the muscle. On the other hand, the relaxation  
may begin e i th e r  by the cessation or by the reduction o f the ampli­
tude o f  the electromyogram. The use o f  f i l t e r e d  EM6 , therefore ,  
suggests th a t  the rate o f  change o f  the f i l t e r e d  EMG, E, may be 
selected to represent the active  sta te  (when such a ra te  is pos it ive)  
or the re laxation  (when the rate  is  negative). One may also d is ­
tinguish between active and re laxation  states in  terms o f the p o la r i ty  
of the rate  o f  change o f tension T ,  using a ra te -s e n s it iv e  control 
[119 ] .  The basic problem in  the application o f such a control is 
the presence o f noise in the EMG. An a lte rn ate  approach is the use 





Figure 4-5 Linear model of electromechanical dynamics of 
the diaphragm. E represents f i l t e r e d  EMG, T 
tension and constant k is to normalize the in ­
put l e v e l .
0.1 sec
.02 sec .
Figure 4-6 Possible nonlinear model fo r  the neuromuscular
dynamics. The time c o n s ta n ts ,  is 0.1 sec. repre 
senting slow response during e x c ita t io n ,  with V>0 
and t=  0.02 sec. represents re laxation  response 
when V<0.
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of the diaphragm. Here the in s p ira t io n ,  w ith V > 0 ,  manifests con­
tra c tio n  of the diaphragm and the ex p ira t io n , with V < 0 represents 
the re laxation  o f  the diaphragm. I t  may then be possible to repre­
sent the tension-EMG dynamics of the diaphragm by the follow ing  
equation:
T = -  [ -T  + kE]
T
where TO.02 sec when V < 0 (4 .1 )
1 0.1 sec when V > 0
The block diagram o f such a model is  shown in  Figure 4 -6 .
The choice o f  V to represent ac t iva t io n  or re laxation  o f the 
diaphragm has physiological appeal -  esp ec ia lly  in the model o f  a 
resp iratory  system. However, the dynamics o f  the resp ira tory  pump, 
which re la te  pressure and a i r  f low , produce a time lag which may 
create errors . More study on th is  subject is  required. The present 
in vestig tion  considers a simple f i r s t -o r d e r  l in e a r  model representing  
the EMG tension dynamics of the diaphragm which disregards the 
change o f  the time constant .
4 .2  Laplace's Law Under Dynamic Conditions
Since measurement of tension in the diaphragm has been ruled  
out, the pressure, e i th e r  across the diaphragm, or ju s t  above i t  
in  the thoracic cav ity  may be considered as an output var iab le ,  
representing the muscle response. An attempt must be made to de­
f in e  the re la tionsh ip  between the tension and the pressure re la ted
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to the diaphragm. In 1962, Marshall [32] observed th a t  i f  by e lec tro -  
phrenic stim ulation  the diaphragm tension is kept constant, under 
steady-s ta te , the in tra th o rac ic  pressure in the dog becomes less 
negative w hile  the t id a l  volume increases. Considering the diaphragm 
as a segment o f  a hemispherical dome, Marshall explained th is  by the 
pressure-tension re lationsh ip  o f Laplace's Law. This law is usually  
applicable to a soap bubble. I t  states th a t  i f  there is  a curved 
membrane partion ing two seperate spaces with f lu id  contents and 
the membrane has a tension in i t  o f  T, as e la s t ic  tension ( in  gm/cm), 
then there w i l l  be a d ifference o f  pressure of P ( in  gm/cm ) ,  which 
is obtained as:
p -  t  < v  ^
where r^ and ^  a r e  principal ra d i i  o f  curvature o f the membrane 
at any p o in t .  In a spherical membrane, where r  = r-j = ^ ,  th is  
equation reduces to P = 2T /r .  I t  must be pointed out tha t th is  
Law refers to 'surface tension' and thus applies to th in  membrane 
surface, such as th a t  of a soap bubble. The s im i la r i ty  o f a d ia ­
phragm to a th in  f i lm  membrane may be questionable, however, i t  
possesses the property of an e la s t ic  muscle. With th is  property,  
a l l  ske leta l muscles, when stretched under external force tend to  
restore i t s  o r ig in a l length by t h e i r  e la s t ic  behavior. A simple 
re lationsh ip  between the e la s t ic  tension, T g, and muscle length can 
be expressed as:
Te = k(L -  Lo) (4 .2 )
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where LQ represents resting length with zero tension and L is length 
under stretch  (or compression) and k is a constant due to e la s t ic i t y .  
Here the e la s t ic  tension Te represents force needed to restore e q u i l ib ­
rium length LQ when the driv ing  force is removed. I f  the muscle re ­
ceives neural command, the active  state  represents an additional 
force generator. A previous section has considered the e le c t r ic a l ly  
generated tension, T, as an output of such a generator. The toal 
muscle tension, Tm then y ie ld s  Tm = Te + T = K(L -  LQ) + T.
I t  is assumed that the diaphragm represents a segment o f  a hemi­
spherical dome of radius o f  curvature, r ,  as shown in Figure 4 -7 (a ) .
I t  is also assumed that under contraction, only the arc length, shown 
as ACDB in Figure 4 -7 (a ) ,  changes but the section diameter AB, 2r-|, is  
unchanged. The tension and pressure re la tionsh ip  can be derived from 
a small square element, o f  length 2a, as shown in  Figure 4 -7 (b ).  With­
out loss o f  g en era li ty ,  th is  section has a side length CD p ara l le l  to
the horizontal axis. By equating the ve rt ic a l  component o f the ten-
2T
si on vector and the pressure i t  can be shown th a t  P = ——  , where Tm
represents the to ta l muscle tension. Thus,
2k(L-L ) ?T  
P = ------+ I I  (4 .3 )
where the f i r s t  past on the righthand side represents the e la s t ic  
component due to mechanical forces alone. Pengelly et a l .  [33]  
observed th a t  in decerebrate cats ( i . e . ,  where supra-segmental con­
tro l  o f  the medullary resp ira tory  center is in te rrup ted ) a pressure 
d ifference exists when the diaphragm's contraction results in
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(a) Diaphragm representing segment o f  a hemispherical dome.
P = Pab -  ppl
D Th _ Th = Horizontal Component o f  T,
' ^ O ^ T v
T„ Tv = V e rt ica l Component o f T
m
m
= Tm cos 0 =
Therefore,
to ta l v e r t ic a l  tension =
T a m
8 a2 T
opposing pressure = 4 a P
Thus P = 2Tm/ r
(b) Cross-section of a selected square element in the diaphragm.
Figure 4-7 Geometrical representation of the diaphragm as a segment of 
hemispherical dome.
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mechanical a l te ra t io n  o f the diaphragm length and in  electrophrenic  
stim ulation  which adds on to the electromechanical 'a c t iv e  s ta te ' .
The authors conducted the mechanical a l te ra t io n ,  w ithout e lec tro -  
phrenic stim ulation but by changing lung volume with relaxed muscles. 
Their  results  indicate th a t  with electrophrenic s t im u la tio n , the 
pressure across the diaphragm is much la rger compared with the pres­
sure d ifference contributed by mechanical action alone. The f i r s t  
term on the righthand side of the equation (4 .3 )  confirms this since 
the arc length L is  re la te d  to  r ,  i . e . ,
which shows that length o f  the diaphragm arc reduces when radius of  
curvature increases. The actual contribution due to  e la s t ic  compon­
ent can be estimated i f  the e la s t ic  constant k is  known. The results  
o f  Pengelly e t  a l . [33] suggest th a t  the pressure under relaxed s ta te  
is  small ^compared to th a t  under stim ulation . I t  i s ,  therefore ,  
reasonable to assume th a t:
where T represents tension generated in the diaphragm due to neural 
command.
The pressure-tension re la t io n sh ip , ( 4 . 5 ) ,  includes the radius 
o f curvature of the diaphragm. This increases during contraction of  




value, r Q, at the end o f  exp ira tion . The prediction of pressure, 
therefore , depends on the temporal nature o f  the tension T and the 
radius o f curvature, r ,  which, in turn, is a function of the t id a l  
volume which re f lec ts  the volume changes in the thoracic cage.
In Figure 4 -7 (a ) ,  A and B represent the points where the d ia ­
phragm is in contact with the chestwall. These points are assumed 
to  be f ix e d ,  i . e . ,  the diameter AB = 2r-j, represents a constant.
The contraction o f the diaphragm w il l  then reduce the shaded area 
(Figure 4 - 7(a)) and increase the volume in the chestcage above the 
diaphragm.
I t  can be shown th a t
where r-| is  a constant. Equation ( 4 . 6) represents a nonlinear re ­
la tionship  between V shaded and r .
I t  is assumed that a t  re s t ,  i . e . ,  with lungs at functional 
residual capacity (FRC) i t  is  r  = ro >r-|. I f  r  increases from r0 
to r 0 + Ar, due to the contracting muscle, Taylor series expansion 
o f equation ( 4 .6 ) and with higher power terms ignored, gives
V (r) = V shaded r 3 -  r 2 (r2 -  r 2 )
(4 .6 )
V (r )  = V (r0) + V (ro) ( r - r Q) (4 .7 )
where V ( r  ) = '^ > r  3(l-  -  k + ^—)0 O o 0 j h 3] (4 .8 )
r Q2 -  r i 2 = k2 ( r 02) ;  k2 < 1 (4 .8b)
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and V (ro ) = tt JrQ2 (2 -  £  -  k) = |^2r ô ] ^4 ' 9 ^
Here again, since k < 1 ,  kg in equation (4 .9 )  is always negative thus 
representing reduction in  V shaded due to contraction of the diaphragm. 
This change is given as:
A V shaded = ir j j<2 r 02j  Ar (4 .10)
Thus, reduction in V shaded (Figure 4-7) represents an increase 
in lung volume due to inspiration's V t i d a l ,  designated here as V.
S im ila r ly  the lung volume at rest (FRC) can be expressed as Vo.
Vo = k3 V shaded = k3jjrk - |  r 0^j = k4 r ^  (4 .11)
And I" 0
V = k3 aV shaded = k J t r  k2 r Q̂  £r= k5 r Q2 Ar (4 .12)
•* (T idal Volume) 
where k3 , k4 and kg are constants. Then, equations (4.11) and 
(4 .12 ) y ie ld :
, = [ f / 3
and ar = [ j ^ r l  H -1 4 )’]
With equations (4 .13) and (4 .1 4 ) ,  the radius o f curvature of  
the diaphragm can be expressed as:
1
r  = r 0 + Ar (4 .15)
Actual computation of k^ and k5 depends on ra t io  of radius of  
curvature of the diaphragm and the radius of c irc u la r  cross-section  
o f chestwall as well as the proportionally  constant re la t in g  the
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lung volume and the volume of the shaded area below the diaphragm. 
The resulting  system model is shown in Figure 4-8 .
A r  =
V0 = FRC
Figure 4-8  Model o f electromechanical dynamics o f the 
diaphragm with resp ira to ry  mechanics.
94
4.3  Respiratory Mechanics
The mechanical parts of the resp ira tory  system containing lungs, 
pleural space and surrounding resp iratory  muscles and r ib  cage con­
s t i tu te  a mechanical pump which resu lts  in a ir f lo w ,  in and out of  
lung, when su itab le  force input is a va ilab le .  The force which oper­
ates the mechanical pump a t  inflow is  generated by the active muscu­
la r  contraction. This force can be represented in terms of applied  
force or applied pressure and i t  is opposed by e la s t ic  reco il  o f  
lungs and muscles, f r ic t io n a l  resistance due to  deformation o f t i s ­
sues and the airway resistance. The in t e r t i a  is also considered 
fo r  an ideal model. The compliance, res istance, and in e r t ia  are 
dis tribu ted  parameters, but may be approximated to be lumped.
Using these considerations Mead and M il ic -E m il i  [ 3 7 ] ,  have shown 
the e n t ire  resp ira tory  system as an analog of an e le c tr ic a l  network. 
The e le c t r ic a l  analog o f such a system was i l lu s t r a te d  in  Figure 2 -3 .
An exc e llen t  summary of the s ta t ic s  and the dynamics o f  such 
a system have been provided by Agostoni [120]. There are several 
techniques with which the lumped parameters shown in Figure 2-3  
can be determined. The measurement o f  which is outside the domain 
o f this d isse rta t io n . What is attempted here is to use the a v a i l ­
able data to construct a model to simulate the respiratory  mechanics 
with transpulmonary pressure as i ts  input.
The resp ira to ry  mechanics includes several aspects o f  pressure 
which require d is t in c t io n .  For th is  purpose, the e le c t r ic a l  analog
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of Figure 2-3 is  redrawn in a simnter form, by excluding the R-L-C 
elements re la ted  to mouth and gas com pressib ility . Figure 4-9 i l l u s ­
tra tes such a simple model.
In th is  model the applied pressure, Papp, is represented by 
Prs, as the pressure input to e n t i re  respiratory system. This pres­
sure represents the algebraic sum o f a l l  pressure 'd rops '. The 
chest w a l l ,  w includes the ribcage and the diaphragm, representing  
the only section which adds dynamic conditions under muscular con­
tra c t io n . The ribcage and the diaphragm operate in p a ra l le l  since 
the to ta l volume displacement in the thoracic cage, AVw,is due to 
sum of volume displacements of ribcage and diaphragm-abdomen structures,  
i . e . ,
aVw = AVrc + AV(ab + d i)  = AVrs (4.16)
Several pressure re lations are c lear  from Figure 4 -9 .  These 
are shown in th a t  Figure. I f  the applied pressure, represented as 
Prs or Palv is  the known input then the volume and flow signals can 
be found with the R-L-C elements o f  the e n t ire  system known. Jodat 
e t  a l . [63] simulated such a model by using this approach. They had 
also included an added fac tor representing the compliance o f the 
pleural space. They also considered the in te rac tion  between abdom­
inal and chestwall pressure during insp ira tio n  and exp ira t io n .
In the present in ves tig a t io n , the pleural compliance is considered 
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- AA/ V — —
Pw + Pmus ------------
o -
Pbs
Papp = Prs = Palv -  Pbs
I f  Pbs (body pressure at normal atmospheric pressure) is considered 
to be zero, as a reference, then
Prs = Palv
= PI + Pw; under s ta t ic  conditions 
PI + Pw + Pmus; under dynamic conditions 
Ppl, the pleural pressure 
PI + Ppl
Palv -  Ppl where Ppl includes pressure 
changes due to contracting  
muscle s tructure .
or Prs 
where Pw + Pmus 
Thus, Prs = Palv 
Therefore, PI
Figure 4-9 S im plif ied  analog of respiratory  mechanics with re lations  
between various pressure variables (from [ 3 7 ] ) .
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normal breathing. I t  i s ,  th ere fo re , possible to s im plify  the model 
fu r th e r  and approach the simulation with transpulmonary pressure as 
the measurable va r ia b le .  As described in Figure 4 -9 ,  the pressure 
across the lungs, P I ,  along with the flow resistance and compliance 
is  s u f f ic ie n t  to generate the volume and flow in the e n t ire  resp ira ­
tory system. The a lveo la r  pressure equation shown in Figure 4-9 can 
be w rit ten  as:
PI = Palv -  Ppl (4-17)
I f  th is  equation is to be used as a re la t io n  between measurable 
variab les , then measurement of Palv and Ppl is necessary. An a l t e r ­
nate approach is to consider transpulmonary pressure, i . e . ,  the d i f ­
ference between the mouth pressure and the pleural pressure. Under 
dynamic conditions, i . e . ,  with muscular contraction under neural com­
mand, the muscle pressure, Pmus, is also included in the measurement 
o f Ppl. Transpulmonary pressure, therefore , seems to be a des irab le  
variab le  in the model, i f  the parameters of the respiratory  pump 
across which i t  acts l ik e  an input are known.
One fac to r  which needs explanation is whether transpulmonary 
pressure includes the pressure due to muscle contraction in the d ia ­
phragm which was e a r l ie r  re lated  to the muscle tension. Id e a l ly ,  
the transdiaphragmatic pressure should be considered as the output 
of the contracting muscle. Experimentally, th is  can be obtained by 
esophageal balloon techniques, where one balloon is s l ig h t ly  above 
the diaphragm and the other one goes to the stomach. The actual 
pressure on the abdominal side of the diaphragm is assumed to be
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Pg -  11 cm H20 ( in  man) [1 8 ] .  The pressure on the abdominal side 
thus obtained does not seem to have s ig n if ic a n t  temporal var ia t ion  
[1 8 ] ,  [31 ] and i t  is  also reasonable to assume that esophageal pres­
sure is a s ig n if ic a n t  representative o f  the muscle output. These 
sim plify ing assumptions lead to transpulmonary pressure, Ptp, as an 
input to a l in e a r  element G(p) representing the dynamics of the res­
p ira to ry  mechanics. Since the in t e r t i a l  fac to r  is in s ig n if ic a n t ,
the tra n s fe r  function is  represented by:
G(p) = |  +CRr p (4.18)
where C is the pulmonary compliance in l i te rs /c m  Ĥ O and R is  pu l­
monary resistance in Cm H ^ O / l i t e r s  per sec. This t ra n s fe r  function  
represents the input-output re la tionsh ip  between Ptp and the volume 
V, i . e . ,
Ptp = |  + RV (4 .19)
With R and C known from the data on dogs, the e n t ire  subsystem 
shown in Figure 4-10 has been simulated on an analog computer.
4.4 Computer Simulation and Results
The model of Figure 4-10 was simulated on EAI-380 computer. 
Figure 4-11 represents the analog computer diagram. E represents 
the f i l t e r e d  EMG as the input to the model, k̂  represents the gain 
fa c to r k  in the tension-EMG tra n s fe r  function. I t  is also used to 
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since a l l  EMG recordings had a rb itra ry  amplitude scaling. The ad­
justment o f k2 and k3 depends on selection  of pulmonary resistance  
R, pulmonary compliance C, and the time constant RC. Data on com­
pliance in dogs is ava ilab le  [37] which varies according to  the 
body size of the dog. For example, C = 0.048 1/cm H,,0 fo r  20 kg 
dog and about 0.0265 1/cm HgO for  11.8 kg dog. In th is  investiga­
t ion  the compliance of about 0.035 1/cm was found to be a good 
approximation. Data on the pulmonary resistance in dogs are not 
ava ilab le ;  but an approximate method to ca lcu late  RC ex is ts  based 
on volume and flow data [2 9 ] ,  This approach rests on the assumption 
that during passive re laxa t io n , the applied muscular pressure (repre­
sented here as Ptp in equation (4 .19) is  zero. Therefore, from
(4 .19) i t s e l f  i t  can be shown that RC = ^  . Available data shows
V
that the t id a l  volume, V-j., in dog varies between 100 to 300 ml and 
drops to about 70-80% of V-fc when the maximum V, between 200 to 900 
ml/sec,occurs in exp ira t io n . Thus, the range fo r  RC may be between 
1/2 to 1/5 second. Even during a s ingle  breath, the v a r ia t io n  o f  R
is conceivable since the constric tion  o f  airways can a l t e r  the re ­
sistance. For the present simulation RC = 1 /4  second and R = 7cm
H ^ O /l ite r /sec . was found to be adequate.
The model was simulated with the f i l t e r e d  electromyogram, E, 
as the input which was obtained FM-tape with experimental records. 
Figure 4-12 shows the model response and the experimental response 
obtained from a dog under three d i f fe r e n t  levels  of C02 in the in ­
spired a i r .  The response o f the model depends e n t ire ly  on the re ­
corded signal E. Any noise present in th is  s ig n a l,  th ere fo re , is
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re f lec ted  in the resu lts .  Response data fo r  electrophrenic stimu­
la t io n  were also compared with the simulated response. This is 
shown in Figure 4-13. The l e f t  column compares the responses fo r  
a modulating signal o f  1 .0  Hz and the r ig h t  column provides s im ila r  
comparison fo r  a modulating signal o f 0 .5  Hz.
In conclusion, the simple model provides a reasonable simu­
la t io n  of the dynamics between the variables considered. I t s  sim­
p l i c i t y  leaves a few gaps when the phrenic nerves are stimulated  
by pulse frequency modulated signals. This may perhaps be explained 
by n o n lin ear it ies  in the neuromuscular dynamics of the resp ira tory  
muscle. Some possible sources of n o n lin ea r it ies  are discussed 
l a t e r .
In addition to the s im p lic ity  o f the model, i t  is re levant to 
point out that the e n t ire  investigation  uses the electromyogram of  
the diaphragm and some variables such as transpulmonary pressure, 
volume and a ir f lo w  -  a l l  of which are measurable in human subjects 
by noninvasive techniques.
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The inves tiga t ion  of neuromuscular command resu lt in g  in a model 
of the neuromuscular subsystem depends on several assumptions which 
include basic aspects from the physiological point o f  view.
The f i r s t  assumption deals with the correspondence between the 
phrenic neurogram and the electromyogram o f the diaphragm. I t  is 
recognized th a t  there is a one-to-one correspondence between each 
action potentia l in the muscle f ib e r  and the action potentia l in 
the axon o f  the phrenic nerve which acts as the input path to the 
muscle. This correspondence does not include the transport delay 
in the phrenic nerve. An additional delay fac to r  occurs at the 
neuromuscular junction where the release o f acetylcholine causes 
generation o f  the action potentia l in the muscle f ib e r .  These two 
factors alone would cause a 'randomness' in the superposed action  
potentia ls  due to several muscle f ib e rs  even i f  a l l  o f the axons of 
the phrenic nerve at a given location  were f i r in g  synchronously with 
constant in te rsp ike  in te rv a l .  Figure 3-1 i l lu s t r a te s  the visual 
d is s im ila r i ty  between the phrenic neurogram and the electromyogram 
o f the diaphragm. I t  is conceivable that among the factors which 
are also responsible fo r  th is  re s u lt  are the location of the elec­
trodes in the diaphragm and the sp a tia l  d is tr ib u t io n  o f the f ibers .  
The assumption, there fore , excludes these f in e r  d e ta i ls  and empha­
sizes only the q uan tita t ive  p ro p o rt io n a lity  between a f i l t e r e d  
neurogram and a f i l t e r e d  electromyogram as supported by experimental
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observation shown in  Figure 4 -2 . Q u a n t ita t iv e ly ,  th is  proportion­
a l i t y  is  not a ffected by the f i l t e r in g  technique. Lourenco and his
9
associates [8 4 ] ,  by using a simple in te g ra to r ,  came to the same 
conclusion. By using a moving average f i l t e r ,  the present in v e s t i ­
gation fu r th e r  supports th is  observation and provides a b e t te r  in ­
s igh t in to  the re la tionsh ip  between the averaged EMG and the number 
o f  motor units recru ited  in the process [9 8 ] - [1 0 1 ] .  The present 
investigation  did not attempt to support the theoretica l prediction  
that the averaged EMG is proportional to the square root o f  the num­
ber o f  motor units recru ited . Irrespective  o f  the p o s s ib i l i ty  that  
such a re la tionsh ip  may not e x is t  in the EMG of the diaphragm, the 
in ten tio n  is simply to assume that averaged EMG and the averaged 
PNG w i l l  have the same waveform since the number o f active motor 
units is  the same as the number of active e f fe re n t  f ib e rs .  The only 
s itu a t io n  where th is  may not hold is i f  the recorded PNG also in ­
cludes a ffe ren t discharge due to proprioceptive feedback. In the 
present investigation  such a p o s s ib i l i ty  has been ignored. There 
is  one more im p l ic i t  assumption about the use o f a l inear  f i l t e r  in  
recording the EMG. Such a f i l t e r  would have a response s im ila r  to  
l in e a r  summation o f  the polyphasic signals o f  a l l  excited motor 
units . I t  i s ,  th e re fo re ,  questionable whether a s im ila r  l in e a r  
summation takes place e i th e r  fo r  the pressure or fo r  the tension 
due to recruitment o f muscle f ib e rs .  As o f now, no experimental 
evidence is ava ilab le  in th is  d irec tion . Without such evidence, 
the l in e a r  re la tionsh ip  between the PNG and the EMG as well as the
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treatment of these two signals as o f  s im ila r  waveform may be question­
able. In any case, since the investiga tion  trea ts  the EMG as the in ­
put to the system model, the model performance is not l ik e ly  to be 
affected. Furthermore, the assumption that the EMG represents the 
information o f  the neural command has the feature o f extending the 
model to human subjects where the recording of the EMG -  and not 
the PNG -  can be obtained by noninvasive technique.
The second assumption is  th a t  the diaphragm is  the major muscle 
of re s p ira t io n . I t  is recognized th a t  even during normal v e n t i la ­
t io n ,  there are two muscle forces involved. They are contributed  
by the ribcage muscles and the diaphragm. Figure 4-9 includes both 
these factors  in the e le c t r ic a l  analog o f the resp ira tory  system.
The role o f  ribcage movement and the movement o f the diaphragm has 
been summarized by Agostoni [121 ] .  The actual in sp ira t io n  thus in ­
cludes la te ra l  and vert ica l motion o f the ribcage and the downward 
displacement o f  the diaphragm due to the contraction o f the in te r ­
costal muscles and the diaphragm. Several techniques have been used 
to separate the contribution o f the diaphragm and the ribcage to 
provide to ta l  volume change [1 2 2 ] - [1 2 4 ] .  Konno and Mead [122] ob­
served th a t  during quiet breathing the volume displacement by ab­
domen is about 40% of the t id a l  volume in standing posture and is 
about 70% of the t id a l  in supine position . Here the volume dis­
placement by abdomen does not necessarily ind icate  the contribution  
by the contracting diaphragm. On the basis of a geometrical ap­
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proach to estimate the contribution of the diaphragm, the general 
agreements seems to accept the diaphragmatic contribution to be 
about 64% o f  the t id a l  volume and 36% provided by the movement o f  
the ribcage [1 2 3 ] - [ 124]. I t  may be pointed out th a t  these measure­
ments are under s ta t ic  conditions. The im p l ic i t  assumption, in the 
dynamic case, is  that the to ta l  volume displacement is a l in e a r  
summation o f the volume displacement by the ribcage and the dia­
phragm. In the computer sim ulation, the response represents the 
e n t i re  system with the EMG of the diaphragm as the only input. I f  
the above mentioned l in e a r i t y  is  assumed then, adjustment of potentio ­
meter k-j and kg could produce the response due to the contracting  
diaphragm alone. I t  is  known th a t  f la t te n in g  of the diaphragm also  
expands the lower ribcage. Jodat e t  a l .  [63 ]  have described th is  
as a coupling e f fe c t  by assuming that th is  e f fe c t  lasts only during 
the i n i t i a l  phase o f  in s p ira t io n  and exp ira t io n . In the present 
study, th is  fac tor has not been considered to have any s ig n if ic a n t  
e f fe c t  -  especia lly  during normal, quiet breathing.
The th ird  assumption is re la ted  to the geometry o f the diaphragm. 
I t  is  assumed that the diaphragm is a segment o f  a hemispherical dome 
and the two ra d i i  o f  i t s  curvature are equal. Furthermore, the cross- 
sectional distance between the two points, where the diaphragm touches 
the thoracic 'cy l in d e r '  is same [see Figure 4 -7 ] .  I t  is true th a t  
the la te ra l  and dorso-ventral diameters of the ribcage are not equal 
[121 ] .  The diaphragm's shape, as a segment o f hemispherical dome,
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is also questionable. This assumption, the re fo re ,  must be considered 
as an attempt to s im p lify  mathematical complexity related to the 
actual geometrical shape o f  the diaphragm. Even i f  this was attempted, 
the lack of anatomical data would s t i l l  be a major hurdle to cross.
This s im p lif ied  assumption, nevertheless, is not new and has been 
used to  in te rp re t  pressure-volume dynamics due to contraction o f the 
diaphragm [3 2 ] ,  [3 3 ] .
The fourth assumption considers the transpulmonary pressure as 
the mechanical response o f  the diaphragm. With reference to the 
app lication  of Laplace's Law, to a dome-shaped diaphragm, i t  would 
seem appropriate to consider the transdiaphragmatic pressure as the 
output of the muscle. This can be done by placing an esophageal 
balloon ju s t  above the diaphragm and another one ju s t  below in the 
g as tr ic  region [18 ]  or a l te rn a te ly  by placing the second balloon  
not in the gas tr ic  region but ju s t  below the diaphragm in the ab­
domen. As shown by Agostoni and Rahn [1 8 ] ,  the pressure on the 
abdominal side, Pab, is about 11cm Ĥ O less than the gastr ic  pres­
sure, Po, i . e . ,  Pab = Pg -11 cm H20. The transdiaphragmatic pres­
sure is the pressure d ifference between Pab and Pes (or between Pg, 
with the d.c. s h i f t  of 11 cm H20 and Pes). (Some physiologists  
consider this pressure as becoming more pos it ive  during in s p ira t io n .
In the figures o f  th is  d isse rta t io n , in s p ira t io n  is shown to make 
the transpulmonary or transdiaphragmatic pressure more negative  
with reference to the atmospheric pressure). During s ta t ic  condi­
t io n s , the d ifference between esophageal pressure and gas tr ic
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pressure remains constant [ 1 8 ] ,  a t leas t  in normal re s p ira t io n ,  i . e . ,  
with volume of more than 20% of v i ta l  capacity. Agostoni e t  a l . [31]  
investigated the pressure d ifference between Pes and Pg under dynamic 
condition with special reference to the EMG of the diaphragm repre­
senting the input to the contracting diaphragm. Even though th e ir  
results show considerable changes in the gastric  pressure, the c a l­
culation o f  abdominal pressure shows a considerably small percent 
change during the insp ira to ry  phase. Under these conditions, the 
measurement o f esophageal pressure, ju s t  above the diaphragm, seems 
to be a f a i r l y  accurate measure of the transdiaphragmatic pressure. 
The tension T, generated by neural command (o r  by electrophrenic  
s t im u la t io n ),  is  dominant over the e la s t ic  tension. I ts  dynamics
are represented by the f i r s t -o r d e r  re la t io n  0.1 T + T = KE
k
( i l lu s t r a t e d  by the element i + "q -|~p i n Figure 4 -10 ).
Based on ju s t i f ic a t io n  o f the measurement of esophageal pres­
sure as the neuromuscular response of the resp iratory  system, the 
model was completed by inclusion o f  the dynamics of the pulmonary 
pump whose input is  the transpulmonary pressure and whose outputs 
are volume and flow. I ts  parameters are the pulmonary compliance 
and the pulmonary resistance. Here the compliance refers to e las­
t ic  reco il o f  the lungs and the resistance includes airway and t i s ­
sue resistances (due to motion o f  lung t issues). The in t e r t ia l  
element is  n eg lig ib le  and a ir f lo w  is  assumed to be laminar.
I l l
The f i r s t  important aspect of the proposed model is the input-  
output re la tionsh ip  among the variables involved in the contracting  
diaphragm. Id e a l ly ,  the dynamics of the ske le ta l muscle should in ­
clude a functional re la tionsh ip  between the active state as the force  
generator and the resu lt in g  length, tension and velocity  of contract­
ion as the output o f  the muscle. Active s ta te ,  as a force generator, 
is nonmeasurable. However, the electromyogram as a fac tor producing 
the active state is measurable and can be considered to represent 
the active  s ta te .  Again, since tension and length or area changes 
in  the contracting diaphragm were not measured, the functional re ­
la tionsh ip  between EMG and tension has been demonstrated on the 
basis of the m easurability  of the transpulmonary pressure and i ts  
re la t io n  to tension and radius o f curvature o f the diaphragm. This 
re la tionsh ip  is  described by a simple f i r s t  order l in e a r  model and 
i t s  v a l id i ty  has been tested by sim ulation. Insp ite  of the fa c t  
tha t a skeleta l muscle is  a nonlinear electromechanical transducer 
[1 1 3 ] ,  a s im p lif ied  l in e a r  model, at le a s t  around the operating  
po in t, may be j u s t i f i e d  [8 2 ] ,  [1 1 4 ] - [1 1 7 ] .  The s ig n if ic a n t  obser­
vation in th is  d isse rta t io n  is  that such a model can be a f i r s t -  
order transfer  function . This is supported by the square-wave 
response study in th is  investigation  as well as by step response 
studies by Sant'Ambrogio and Saibene [27 ]  and by Mognoni e t  a l .
[3 0 ] .  These investigations reveal an almost exponential r is e  of 
pressure under square-wave stim ulation with a h a l f  time o f the 
response of around 60 msec. A t r i a l  and e rro r  adjustment o f  the
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time constant to 100 msec, presents good simulation results  under 
natural breathing. Natural breathing implies a ramp-like f i l t e r e d  
EMG signal ,E,during exc ita t ion  and during sudden cessation a t  the 
onset of re laxa t io n .
Sinusoidal response was used to te s t  the l in e a r i t y  by a simple 
technique. I t  is here that the l im ita t io n s  of the l in e a r  model be­
come v is ib le .  Partr idge, while investigating  the response o f  tricep  
surae in cat to sinusoidally modulated pulse tra ins  as stimulus, 
concluded th a t  the muscle, under isometric conditions [1 2 5 ] ,  and 
under isotonic  conditions with or without in e r t ia l  load [1 1 8 ] ,  [126],  
[127], represents an almost l in e a r  system. The investigations by 
Partridge explore two possible sources of n on linearity .  One may be 
represented in terms of the d iffe rence  of response to increasing  
and to decreasing pulse rate in  the stimulus. This should give rise  
to a hys te r is is  type o f response in which the response is almost 
l inear  during increasing pulse ra te  but during decreasing pulse 
rate the response is quicker a f te r  an i n i t i a l  time delay. Under 
natural breath ing, the pulse ra te  rises to a peak, but drops suddenly 
at the onset o f  exp ira tion . I t  i s ,  therefore , su itab ly  represented 
by the l in e a r  model under natural breathing. The second source is 
described by Partridge as an in t r in s ic  feedback in  the muscle fo r  
in e r t ia l  compensation. In the present in ves tig a t io n , the in e r t ia l  
load of the diaphragm is constant and was l e f t  unexplored.
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I t  may be pointed out that in the present inves tiga t ion , a 
sinuso ida lly  modulated pulse t ra in  was used fo r  supramaximal and 
synchronous stimulation o f a l l  f ibers  of the phrenic nerve. Both 
the sinusoidal modulation and the synchronous stim ulation thus create  
an input which is d i f fe re n t  from the actual input under natural 
breathing. I f  the tension of the muscle is  the output of the e le c tro ­
mechanical transducer, i t  is conceivable th a t  the response of the 
p a ra l le l  recruited motor units receiving asynchronous stimulus pulse 
t ra in s  may be d i f fe re n t  from i t s  response under synchronous and 
supramaximal s tim ulation . Unless this phenomenon is investigated  
by use o f physiological evidence, the nature of the non linearity  
in  the muscle model cannot be defined e x p l ic i t l y .
One simple approach to include n o n lin e a r ity ,  under natural con­
d it io n s ,  is  to modify the time constant o f  the model to exh ib it  fa s t  
recovery during re laxa t io n . Such a p o s s ib i l i ty  was discussed.
Id e a l ly ,  the time-constant should depend on the sign o f the rate  
o f  the f i l t e r e d  EMG or on tha t o f the tension T. Due to presence 
o f noise in the EMG and i t s  f i l t e r e d  version, such an input to the 
rate  sensitive  control has i ts  l im ita t io n .  The choice of pressure 
or flow variable as the a lte rn a te  input also presents a problem due 
to  phase difference between these variables and the EMG.
The second s ig n if ic a n t  feature o f th is  investigation  is the 
nonlinear re lationsh ip  between the transpulmonary pressure and the 
tension of the diaphragm. The inclusion of th is  non linearity  was
114
necessary fo r  two reasons. F i r s t ,  the tension was not measured in  
the present in ves tig a t io n . Therefore, an a lte rn a te  va r ia b le ,  
namely the transpulmonary pressure, was selected to represent the 
mechanical response o f the diaphragm. Second, the functional re­
la tionship  between the transpulmonary pressure and the tension de­
pends on the radius of curvature of the diaphragm which was assumed 
to be a segment o f the hemispherical dome. By assuming the cross- 
sectional diameter o f  such a segment to be constant, the increase  
in radius o f curvature o f  the contracting diaphragm also exh ib its  
the reduction o f  the area o f  the diaphragm.
The inclusion o f  f i r s t -o rd e r  system representing the pressure- 
flow-volume dynamics completes the neuromuscular subsection o f  the 
respiratory c o n tro l le r .  The model (Figure 4-10) includes only the 
diaphragm as the major muscle. I f  the a c t iv i t y  of the in te rcosta l  
muscles is  also to be included, then one may incorporate a l in e a r  
summation o f  pressure changes due these two muscle units.
I t  is hoped th is  simple model sha ll be useful fo r  c l in ic a l  
diagnosis. This p o s s ib i l i ty  exists because o f  the use o f measur­
able variables which are possible in  human subjects by noninvasive 
techniques. Diagnostic applications are possible even with the 
chemostat models where emphasis has been placed on modeling o f the 
controlled system. Diagnosis of resp ira tory  abnormalities re la ted  
to the controlled system, e .g . ,  the factors a ffec ting  the function  
of the lungs as liqu id-gas in te r fa c e ,  blood transport delays,
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changes in the metabolic production of CÔ  or consumption of e tc .  
may be possible. Inclusion of the dynamics o f the contro lled  system, 
as proposed in the present in ves tig a t io n , extend the region where 
location o f the abnormalities could be explored by investigating  the 
response o f the resp iratory  center to known chemical inputs and by 
examining the mechanical response of the respiratory c o n tro l le r  when 
the output o f the respiratory  center is known. Without an under­
standing o f these dynamics, the v e n t i la t io n  as a response to CĈ  
inhalation f a i l s  to provide any information about the abnormality  
of the con tro lling  system. Since the con tro lling  system includes 
the resp ira tory  center as the source of neuromuscular command as 
well as the muscles and other mechanical variab les, the investiga ­
tion of th e i r  performance was undertaken in this work.
There are a t  leas t  two s ig n if ic a n t  sources of abnormalities  
which could be explored by using th is  model. One represents the 
fa i lu r e  of the respiratory  center to provide s u f f ic ie n t  normal neuro­
muscular command and the other represents normal neuromuscular com­
mand going to myopathic muscle structures and/or the f a i lu r e  in the 
respiratory mechanics such as those found in patients with chronic 
obstructive lung disease [128], [129 ] .  With the help of the model 
and measurable variables l ik e  EMG, transpulmonary pressure, volume 
and flow , the problem of diagnosis might be reduced to th a t  o f para­
meter id e n t i f ic a t io n .
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The model presented in th is  d issertation  is rather simple. The 
assumptions on which i t  is based may point out i ts  l im ita t io n s .
Other possible areas re lated  to the neuromuscular dynamics in res­
p ira t io n  in which fu ture  investigation  may be of in te re s t  are:
(1) Simulation of the phrenic neurogram and the electromyogram 
by superposition of waveforms in p a ra lle l  signal channels. While 
such an investigation  has been done to describe the EMG of a skeletal  
muscle as a noisy signal pattern [9 8 ] - [1 0 1 ] ,  there are several para­
meters which place the PNG and the EMG in resp ira tion  in a d i f fe re n t  
category, especia lly  when these signals are compared to the EMG in 
ske le ta l muscles under sustained isometric contraction. The p r in ­
cipal parameters are the temporal varia t ion  both in the recruitment 
of f ib e rs  and in the pulse ra te  during a single burst, the possi­
b i l i t y  o f change from asynchronous discharge to synchronous d is ­
charge and the basic p e r io d ic ity  of such a discharge as a continuous 
command signal.
(2) Establishment of the cause of non linearity  in the model of 
the diaphragm as a s tr ia te d  muscle. While such a nonlinear model 
has been described, fo r  a ske leta l muscle, by Bayler [113 ] ,  the 
mechanics of contraction and the structural re la tionsh ip  between the 
c o n tra c t i le  or v iscoe las tic  components in the diaphragm, may need 
special a tten tio n  due to the geometric shape of such a muscle. Fur­
thermore, the measurement of s ig n if ic a n t  parameters l ik e  tension, area 
of the muscle, and the ra te  o f change of area of the contracting d ia ­
phragm may be d i f f i c u l t .
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(3) Inclusion of in te rcos ta l muscles as a fa c to r  contributing  
to the transpulmonary pressure as well as to the mechanics of the 
lungs, is  re levant. This may be more s ig n if ic a n t  in abnormal or 
forced breathing where the diaphragm ceases to be the major muscle 
responsible fo r  resp ira t io n . F in a l ly ,
(4) In order to complete the investigation  o f the in ternal  
dynamics o f the resp iratory  c o n tro l le r ,  the output o f  the resp ir ­
atory center should be studied with feedback due to known chemical 




Appendix A: Experimental Procedures
The experiments were performed on 26 mongrel dogs weighing 10 -  
18 kilograms. Each dog was l ig h t ly  anasthetized by intravenous in ­
je c t io n  o f pentobarbital (nembutal) 0 .6  cc/kg body weight. The fe ­
moral vein , selected fo r  the introduction of the anasthetic agent 
was cannulated with a stop valve fo r  fu r th e r  infusion o f  the drug i f  
necessary. The femoral a r te ry  was also cannulated and the cannula 
was f i l l e d  with anticoagulant (Heperin) and attached to Statham P23 
Transducer fo r  blood pressure records.
Each dog was placed in supine position on the surgical table  
and intubated with tracheal tube, to the outside end o f which a 
small phneumotechograph (Electronics fo r  Medicine) with Statham 
d i f fe r e n t ia l  transducer PM5-0.2-350 was connected. This enabled 
the a i r  f low , and volume records on the Electronics fo r  Medicine, 
multichannel data recording system. For a ir f lo w  Model SGA and fo r  
volume records the output o f the Model SGA was fed to the in tegra to r  
(Model IRD) channel of the Electronics fo r  Medicine multichannel 
recorder. For the measurement o f  pressure a la te x  rubber balloon 
(5 c .c .  long, 3 .5c .c . circumference) was inserted in  the esophagous 
in to  the lower l /3 r d  o f  the thorax. Before in s e r t io n ,  the amount 
of a i r  necessary to maintain the pressure inside the balloon at the 
atmospheric pressure, is  f i r s t  tested by f i l l i n g  the balloon with 
a i r  from a syringe and measuring the pressure by using Statham.
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d i f fe r e n t ia l  pressure transducer (PM 131 TC + 2.5 -  350). The syringe 
is  used to empty the balloon before insertion  and to r e f i l l  the b a l­
loon a f te r  insertion by the volume of a i r  necessary fo r  atmospheric 
pressure. In most experiments, the needle inserted a t  the tracheal 
tube, outside the mouth, provides the reference input to the d i f f e r ­
e n t ia l  pressure transducer thus y ie ld in g  transpulmonary pressure.
In some experiments, where transdiaphragmatic pressure was recorded, 
another balloon is inserted in the esophagous in to  the gastric  re ­
gion and attached to reference input end o f  the transducer. In 
e ith e r  case, resting pressure level was used as zero l in e  and down­
ward s h i f t  o f  the pressure le v e l ,  representing negative pressure, 
was selected fo r  the in sp ira to ry  phase. Model SGM (Electronics fo r  
Medicine) channel was used fo r  pressure recording.
The pressure transducer was calibrated  by a water manometer 
and the pnemotechograph flow transducer was ca lib ra ted  e ith e r  with  
a rotometer or by a spirometer (with d i f fe re n t  weights on f lo a t in g  
b e ll  to produce d i f fe re n t  flow ra tes ) .
The abdomen was opened by about 10 cms incis ion of the midline  
ju s t  below the sternum. The electrodes were e i th e r  o f  te flon  coated 
sta in less  steel or insulated  copper w ire , both with exposed t ip s .
Two electrodes were inserted  and sewn about 0 .5  cm apart along the 
rad ia l l in e  in the r ig h t  lumbar region o f the diaphragm. The abdom­
inal inc is ion was then closed by s t itch in g . The two electrodes pass­
ing through the s titched area, and a th ird  electrode attached to the
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leg , provided the input to  the a m p lif ie r  channel. (Model EID, 
Electronics fo r  Medicine). This a m p lif ie r 's  bandwidth was ad­
justed in the 40-2000 Hz range. The output of the am p lif ie r  was 
displayed on the oscilloscope fo r  visual observation while ad­
ju s t in g  the a m p lif ie r  gain and the modified Paynter f i l t e r  was 
used fo r  envelope detection o f  the EMG a f te r  fu ll-wave r e c t i f i ­
cation.
By a surgical procedure the r ig h t  phrenic nerve was exposed 
in the lower part o f  cervical region. The nerve i t s e l f  is  id e n t i ­
f ie d  by stim ulating  i t  (s ing le  or m u lt ip le  pulse output o f Grass 
Stimulator) and by observing the mechanical response o f  the d ia ­
phragm. Once id e n t i f ie d ,  the phrenic nerve, surrounded by a pool 
o f  mineral o i l ,  rested on the sem icircular t ips  o f two platinum  
wire electrodes (approximately 0 .5  cm a p a rt ) .  S im ilar  pa ir  o f  
electrodes could be placed d is ta l ly  from the f i r s t  p a ir .  In such 
a s itu a tion  the proximal p a ir  was used fo r  electrophrenic stim ula­
tion  and the d is ta l  p a ir  fo r  detecting phrenic neurogram. The 
neurogram i t s e l f  was amplified by the balanced am p lif ie r  model EEP 
(E lectronics fo r  Medicine, adjusted bandwidth 40-2000 Hz).
The e n t ire  experimental setup is  shown in Figure 6-1 . A ll  
measurable variables are inputs to the multi-channel am p lif ie r  and 
recorder system (E lectronics fo r  Medicine, Model DR-12). The 
channel outputs could be displayed on the oscilloscope or recorded 
on photographic paper tape or could be recorded on a Hewlett-
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Packard Sanborn 8-channel FM-tape recorder*. For the FM-tape recording 
the in te rface  between the Model DR-12 and the tape recorder is pro­
vided by a matching a m p lif ie r  Model UMA (Electronics fo r  Medicine).
Data co llection  and selection was done by replay o f  the magnetic 
tape. The use of d ig i ta l  computer (as shown in  Figure 6-1) was not 
attempted since the A/D Converter was not ava ilab le .
The experimental procedures and results can be summarized as 
fo llo w s :
(a) Experiments were done on 15 dogs with spontaneous breathing  
under various steady s ta te  C02 response (room a i r ,  2.95% C02 , 4.38% 
C02 , 6.73% C02 and in one case 7.13% C02) .  Variables recorded were 
Ep, E, V, V and Ptd. The basic purpose was to confirm the one-to- 
one correspondence between the phrenic neurogram and the electromyo­
gram as well as to support the l in e a r  re la t io n sh ip  between the pres­
sure and the flow (o r  volume) variables. Except th a t  the neurogram 
and the electroniyogram were f i l t e r e d ,  the results  are not d i f fe re n t  
from those reported by Lourenco e t  a l . [84] and as summarized by
9
Agostoni e t  a l .  [3 0 ] ,  [120 ] .
(b) Experiments on 7 dogs were re lated  to the respiratory  re­
sponse to square-wave modulated pulse tra in s  as the stimulus to the 
r ig h t  phrenic nerve. Pulse rates were 20, 40 and 80 pps with 1-2  
msec, pulse width. In each case the amplitude was increased from 
0.1 vo lt  to 1.0 v o l t .  Results were intended to confirm the process
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of recruitment un ti l  supramaximal stim ulation is achieved (with  
f ixed  pulse ra te  but increasing amplitude) and to demonstrate 
saturation , due to tetanous (with f ixe d  amplitude but increasing  
pulse ra te ) .  I t  was also possible to suggest a l in e a r  f i r s t  order 
model to represent E-P re la tionsh ip  by the study o f step response. 
S im ila r  resu lts  have been reported, though the use o f f i l t e r e d  EMG 
due to electrophrenic stim ulation is not included in those reports
[3 0 ] ,  [3 2 ] ,  [3 3 ] .
(c) On 7 dogs, response to supramaximal r ig h t phrenic stimu­
la t io n  (and in one case b i la te ra l  s tim ulation) by s inuso ida lly  mod­
ulated pulse tra in s  was studied. The range of pulse frequency, dur­
ing one cyc le , was from 1 0 - 5 0  pps. The modulating frequency was 
0 .0 5 ,  0 .1 ,  0 .2 5 ,  0 .5 ,  1 .0 ,  2 .0 ,  4 .0  and 6 .0  Hz. During th is  range, 
there was no substantial a l te ra t io n  in the p-p amplitude of E, V 
and Ptp.
(d) Recorded EMG in 8 dogs were used to se lect sections of 
the magnetic tape from which closed tape loops were prepared and 
used fo r  spectrum analysis as described in Appendix B.
Appendix B: Spectral Analysis o f the EMG
The replay o f tape loop (from a selected section containing the 
EMG) provided the periodic EMG whose period depends on the length 
of the loop and the tape speed. These were selected in  order to
keep the period o f  the EMG wave w ith in  the range o f  the dogs' breath­
ing period. Spectral analysis was done on Tekronix 3L5 plugged into
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Type 564 dual trace autoerase storage oscilloscope with Type 3B3 
time base u n it .  The analyser displays amplitudes o f the spectral 
range from 10 Hz to 1M Hz with a 10 Hz resolution .
The general schematic o f the spectral analysis is  shown in  
Figure 6 -2 . This f igu re  also shows a system which was devised to  
examine the contribution o f any narrow section o f the periodic  
EMG wave. This needs a pre-recorded narrow pulse coinciding with  
the onset of e le c t r ic a l  a c t iv i t y  in the tape loop. This narrow 
pulse, during replay o f  the loop, triggers  a waveform generator 
to  produce a rectangular pulse, the position and width of which 
are adjustable. Figure 6 - 2 ( a ) ,  fo r  example, shows that the rec­
tangular pulse is coinciding with the time in te rv a l  t 2 to t 3 (cor­
responding to the e n t ire  duration of the EMG.) The rectangular  
pulse operates an o n -o ff  re lay  which can control the output of  
a pulse generator. This pulse generator then provides the input 
to z -ax is  modulation o f  the oscilloscope beam. I t  is  possible 
to in te n s ify  the beam only fo r  the duration of the rectangular 
pulse and to keep i t  dark otherwise.
Figure 6-2(b) shows the spectral d isplay o f  the en tire  period  
o f  the EMG which also includes the contribution due to noise and 
the cardiac spikes.
Figure 6-3(a) shows that annoying contribution by the cardiac  
spikes could be reduced by improving the EMG/EKG r a t io .  The exact 





























Figure 6-2 Experimental setup fo r  spectral analysis of the EMG.
Top trace (a) shows the procedure fo r  z-ax is  in te n s i­
f ic a t io n  during the time in te rva l ( t 2- t 3) fo r  spec­
t r a l  display and (b) shows typ ica l spectrum of the EMG 
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(b) Spectrum of cardiac a c t iv i t y  recorded in the diaphragm.
Figure 6-3 Spectral displays showing the contribution of the cardiac  
a c t iv i ty  in the spectrum of the EMG. Top section (a) shows 
spectrum of EMG with improved EMG/EKG r a t io .  In bottom 
trace ( b ) ,  due to the location o f the window , the display  
represents the spectrum of the EKG spike in the EMG.
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placing the z -ax is  in te n s if ic a t io n  window over a selected cardiac  
spike. The presence of cardiac spike c le a r ly  a ffects  the amplitude 
of low frequency section o f the spectrum of the EMG.
The sign ificance o f  the z-axis  in te n s if ic a t io n  technique in the 
elim ination of cardiac spike, during the spectral analysis o f the 
EMG is i l lu s t r a te d  in Figure 6-4. The upper part (A) in Figure 6-4  
shows the spectrum of the a c t iv i ty  mixed with noise and the portion  
o f a c t iv i ty  analyzed is shown by the position o f the window. The 
lower section (B) shows the spectrum i f  the window is moved over 
the portion without the EMG and where the only signal present is 
noise. By comparing these two re s u lts ,  i t  is  possible to conclude 
th a t  the presence o f noise does not a l t e r  the amplitudes of the 
spectral lines  o f  the EMG s ig n if ic a n t ly .
An ana ly tica l approach to in te rp re t  the spectrum o f the pulse 
frequency modulated signals (s inuso ida lly  modulated) was published 
by Bayly [107 ] .  To in te rp re t  the spectrum o f the EMG as obtained 
in respiratory  muscles, en ta ils  ramp-like modulating signal and 
recruitment, as a function o f time. This was not attempted in the 
present inves tiga t ion .
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A. DURING INSPIRATION
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Figure 6 -4  Spectrum of the e le c t r ic a l  a c t iv i ty  of the diaphragm 
a t selected t im e iin te rv a l  s. Top trace (A] exh ib its  
the spectrum o f the EMG during insp ira to ry  phase. 
Bottom trace (B) shows the spectrum of the 'noisy 
section of the a c t iv i t y  during exp iratory phase.
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